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HBTOCHEMICAL CONTRIBUTIONS TO PHYSIOLOGY 

EDWARD W DEMPSEi add GEORGE B WISLOCKI 
Dsporimeni of Analomj/ Harvard ifedtcaj Schodf Botion 

ffistoohemistry deals with the ohemical charactemation of substances in 
their natural locations withm eells and tissues As Geish (1941) has pointed 
out in an admirable review of the subject, histoehemistry differs from conven- 
tional biochemistry m its emphasis upon the morphological localisation of the 
various components which collectively comprise the body substance 
Histophyaology relates the appearance of tissues, either m hving states or 
m fixed and stained preparations, with different phases of functional activity 
The prmcipal aim of histophymology, ae opposed to physiology m general, is 
to provide a morphological basis for the understanding of functional events 
To follow this Imo of reasoning one step further, physiological histoohemistij , 
the diBcipUne resultmg from the fusion of histochemistry and histophysiology, 
has as its chief aim the morphological looahiation withm tissues of the chemical 
components which are involved m physiological processes and the oonelation 
of any changes m this ohemical machmeiy with the different functional states 
of the tissues or oiganism In other words, it concerns itself with the ultimate 
desonpbon of physiologioal, biochemical and histological phenomena each m 
terms of the otWs In its broader aspects, therefore, physiological histochem- 
istry derives value not only from physical and chemical procedures, but also 
from thh understandmg of histological stainmg reactions m Chemical terms, 
smce variations m these stainmg reactions have been or may be related m turn 
to physiological events In a similar fashion, histochemical observations cor 
related with functional states maj serve to iliummate morphological problems 
In the present review we have brought together the diverse histophymolog- 
ical, histoohenucal, and histological informafaon available for a few situations 
We have made no attempt at exhaustive coverage, but have purposely hirnted 
ourselves to a small senes of topics for which numerous data denved from differ- 
ent fields are available for correlation We hope, by the presentation of selected 
examples, to illustrate how the apphoation of histochemical and Cidochemical 
procedures crm provide data of importance for understandmg the phjsiological 
process underlying cellular activity We hope, also, to illustrate how the vari- 
ous aspects of such a correlated study reinforce and validate each other so that 
by the combmed weight of the vanous fines of endence conclusions may bo 
drawn when a smgle approach would prove to be indecisive 
Genehal histolooioal STAiNma ubthods In recent years emphasis m 
histochemical mvestigations has shifted toward the development of highly 
specific reactions for mdividual compounds or classes of substances This 
trend is expressed m Lison’s excellent monograph, Hxstochemie ammale (1936), 
m which the statement is made repeatedly that cortam reactions are valueless 
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to bstochemistry because of their lack of specificity Although, other things 
being equal, it is certainly true that highly specific reactions are preferable to 
non-specific ones, the present reviewers would like to affirm their behef that rela- 
tively nonspecific histochemical reactions which /nevertheless reveal a degree of 
morphological localization are often of considerable value from a chemical pomt 
of view It maj’- be remarked parenthetically that chemists do not insist upon 
such extreme specificity For example, flow birefrmgence, a phenomenon which 
IS certainly not specific for any chemical groupmg smce it depends rather upon 
the axial asymmetry of the molecule, has nevertheless been used effectively m 
physical chemistry A similar lack of specificity attaches to electrophoretic 
mobihty, yet the present populanty of the Tisehus cell attests to the usefulness 
of the method for the solution of certain purely chemical problems It seems 
axiomatic that any method which faithfully produces differential results m dif- 
ferent regions of tissues or cells does so because of chemical or physical dif- 
ferences m those regions These differences which are then responsible for the 
usual stainmg reactions of various dyes must ultimately be explained m histo- 
chemical terms Indeed, to ignore this precept is to neglect a most important 
tool It has been pomted out above that the pnncipal emphasis m histochem- 
istry should be upon the chemical characterization of morphological elements 
The classical histological methods, on the other hand, have been devised m the 
mam to produce the sharpest possible differential results with reference to 
morphological and tmctonal appearances Obviously, therefore, the reconciha- 
tion of the specific, but frequently morphologically mdistmct, reactions of histo- 
chemistry with the spatially precise, yet semi-specific, results of histology 
strengthens and sharpens the conclusions which can be drawn from both pro- 
cedures Moreover, from a practical standpomt, the greatest promise exists 
for a rapid expansion of histochemistry because there is already a vast accumu- 
lated hterature deahng with the careful correlation of functional states with 
histological appearances An mterpretation of the conventional stainmg pro- 
cedures m chemical terms would therefore permit a remterpretation and ex- 
tension of all of the histophysiological results presently available 
Desirable as such an mterpretation of stainmg methods m chemical terms 
may be, the path to that end is fraught with many difficulties From a chem- 
ical pomt of view the procedures which have been developed by histologists 
and cytologists, mvolvmg as they do fixation, dehydration, imbeddmg, cleanng, 
mordantmg, staimng and differentiation, are so complex and frequently so 
contradictory as almost to defy chemical analysis Indeed, it is precisely this 
complexity that has caused many histochemists to seek chemically simpler, 
though morphologically less satisfactory, methods Nevertheless, difficult as 
histochemical insight may be, it is not necessarily impossible to attam Recent 
advances m protem chemistry on the one hand and histochemistry on the other, 
as we shall attempt to unfold, offer promise of progress m this difficult field 
A great majonty of histological procedures mvolve stainmg with a baac 
dye and counterstainmg with an acid dye The significance of the observed 
attachment of these two dyes to the vanous components of tissues has long been 
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obscured by a controversy as to whether the dye-substrate combmation m\ olvcd 
chemical forces or physical bonds On tho one hand, it has repeatedly been 
demonstrated that acidic and bamo dyes react stoichiometncally with basic and 
acidic substances respectively On the other hand, nonionliable substances 
frequently stain mtensely, particularly with basic dyes However, the solution 
to this particular controversy now appears to mvolve only the meaning of the 
particular terms Colloidal chemistiy is apparently governed by forces similar 
to those Involved m general chemistry but modified mto a special case as they 
operate on surfaces The sign and magnitude of tho surface charge differ m 
different phymoal-chemical conditions (Dubos, 1846) The charge determmes 
tho stainmg reaction, no matter whether the charge is due to tho sum of ionic 
dissociations, to adsorbed Iona, or to mixtures of these and other phjaical forces 
Thus, if wo understand that it is charge rather than valence which we are meas- 
uring, the reaction of dyes with tissues assumes a physical-chemical meaning 
Addophilia and basophilia, long reoognlied by histologiats, thus appear to be 
designatlona capable of exact phymcal-chemical interpretation 

The acidophilia or basophilia of tissues and cells is, however, not an m\ anant 
quality On the contrary, given structures may be selectively stained by either 
acid or banc dyes, depending upon the previous treatment of the tissues Two 
faotors in particular profoundly modify the staining properties of histologicai 
matenals These are the kind of fixation employed and tho acidity of the me- 
dium in which the tissues are stained 

Among the fixatives commonly employed m histology, fonnaldehj de occupies 
a promment place Moreover, it has long been recogniiied that formaldehyde 
fixation renders proteins more nad and therefore mcreases their afiSnity for the 
basic dyes This change m basophilia is mduced by the abihty of formaldehj de 
to combme with free ammo groups, thus prevontmg their dissocmtion and in 
creasmg the effective charge caused by the dissociated carboxyl groups of the 
protem On the other hand, heavy metal cations such as Hg++, A1+++, Cu'*"*', 
etc combme with the carboxyl groups of ammo acids (Tolstoouhoi , 1928, 
Dubos, 1946) and therefore mcreaso the acidophiiia of proteins 

The effect of acidity and alkalmity upon stainmg reactions apparentl} can 
be accounted for satisfactorily by a considoration of ionic mtcrcbanges Mo- 
Calla (1940, 1941a, 1941b) and McCalla and Clark (1941), workmg with bac 
tenal cells, have demonstrated that adsorbed cations arc displaced dunng 
staining by basic dyes If the experimental situation is arranged so that the 
adsorbed cations are hydrogen ions, tho displacement of these ions bj stainmg 
maj readily be measured ns a change m pH Acid dj es hai e a similar caps 
bility to displace anions from tho absorption shell 

The theory of iomo interchange also helps to explain some of the otherwise 
pusiling salt effects m staining McCalla (1941b) has shown that Na'*' and K+ 
displace very httle hydrogen, whereas ions such ns Pb+++, Ag+, Hg++ and A1+++ 
displace a great deal 'Ke data submitted by McCalla also show that the ac- 
tivity of the heavy metal cation is not appreciably influenced by the kmd of 
amon present in the system 
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These observations dealing i\ith the physical chemical aspects of the staining 
reactions, although fragmentary and mcomplete, are exciting in their imphca- 
tions From the standpomt of the conventional histological procedures, the 
results obtained by treatment ivith formaldehyde on the one hand and poly- 
valent heavy metals on the other are particularly significant The shift m the 
isoelectrac zone of many proteins which is mduced by these reagents apparently 
causes, at usual staimng pH, basophihc or acidophihc staming depending on the 
reagent used Because of the aflfimty of formaldehyde for ammo groups and of 
ions such as Hg++ for carboxyl groups, we may assume that the proteins which 
show such labihty m their staming reactions do so because their charges are 
predominantly detenmned by ammo and carboxyl groups A corollary to this 
statement is that proteins the staining of which is relatively mdependent of 
the mode of fixation must depend upon other forces or more strongly dissociatmg 
groups for the determmation of their charges We shall attempt to show, 
m the foUowmg sections, that such strongly dissociatmg groups do mdeed char- 
acterize at least two groups of basophihc substances, the nucleoprotems and the 
mucoprotems 

A The nudeoproieiTia The nucleoprotems are large molecules which contain 
a protem conjugated with nucleic acid The nucleic acid part of the nucleo- 
protein apparently detenmnes its basophihc stammg reaction, smee after hy- 
drolysis the resultmg protem exhibits acidophihc properties Nucleic acids are 
m themselves complex substances composed of nucleotides which can m turn 
be broken down mto component parts consistmg of a punne or pymmdme base, 
a sugar and phosphoric acid Two general classes of nucleic acids exist m 
cells, dependmg upon the kind of sugar mcorporated mto their structure One 
group, ongmally prepared from thymus tissue, contains a desoxynbose sugar 
and IS frequentl}’’ called desoxynbose nucleic or desoxynbonucleic acid The 
second type, ongmally prepared from yeast cells, contains a nbose sugar and is 
referred to as nbose nucleic acid or nbonucleic acid Nucleic acids are strongly 
charged compounds and have a great afiBmty for basic dyes Moreover, their 
basophiha is not destroyed by conjugation with proteins, so that the nucleo- 
protems are also strongly basophihc Excellent reviews deahng mth the 
chermstry and occurrence of the nucleoprotems have recently been published 
by hlirsky (1943) and Greenstem (1944) 

I Although nucleoprotems have long been knovii to display pronoimced baso- 
I phiha and therefore to be among the substances which react with basic dyes m 
I tissues, the positive identification of these compounds and their accurate lo- 
cahzation m cells have only recently been accomplished Three methods have 
been developed which are of the utmost utihty m this regard These are the 
stammg method of Feulgen and Rossenbeck (1924) for desoxynbonucleoprotem, 
the use of nbonuclease, developed by Dubos (1937) and Bracket (1940) and sub- 
sequentlj'' improved after the enzjmie had been prepared in crystallme form by 
Kilmtz (1940), and the utihzation of the specific ultraviolet absorption of nu- 
cleoprotems by Caspersson (1940) 

The Feulgen method consists of the apphcation of the Schiff test for aide- 
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hydes after a partial hydrolysis of the nueleoprotoin m ivarni acid Such gentle 
add hydrolyslB frees the aldehyde group of the desoxynbose sugar which then 
is identified by the SchifI reagent The test, if carefully applied according to the 
dlreotions of Feulgen, is apparently specific for desoxynbonucleoprotein since 
to date no other compound has been shown to give the reaction and the sites 
at which positive reactions have been obtamed are in all cases compatible with 
the view that the reactive substance is nucleoprotem in character (cf Stowell, 
1946) Indeed, the reactions obtamed by this method are confined entirely to 
the nudeus m animal and plant cells and to discrete nucleus-like bodies m bac- 
terial cells (Dubos, 1945) Moreover, not all of the basophiho substances of 
nudei are stamed The nucleolus, as well as certam regions of the chromosomes 
which stam mtensely with basic dyes and which have collectively been called 
“heterochromatin,” is prommently unstamed by the Feulgen procedure 
The discovery and preparation of an ensyme capable of depolymemmg 
nbonuddc acid mto its constituent nudeotides paved the way for the cytolog 
ical locahration of ribonudeoproteins Dubos (1937) found that the basophiha 
of bacteria, excepting the discrete nudeus-hke bodies mentioned above, was 
abolished after mcubation m a solution containing libonuolease, and, foUowmg 
Kuniti’ (1940) isolation and crystalhration of the eniyme, repeated the obeer 
vations with the crystalhne substance Brachet (1940) dosenbed the abihty 
of a crude preparation of nbonuolease to abolish the charactenstio cytoplasmic 
basophilia m a variety of animal cells, includmg those from the pancreas, 
mtestinal epithehum,hverand nerveceUs. Desohn (1940) reported that the baso- 
phils of the antenor pituitary gland lose their afifimty for basic dyes after incu- 
bation m a solution containing libonuclease Gersh and Bodlan (1943) identi 
fied nbonudeoprotem in the Nissl bodies of nerve cells from the antenor horn 
of the spinal cord by the observation that these bodies lost their charactenstio 
basophiha after digestion m a solution of crystalhne nbonudease Alsousmg 
the crystalhne ensyme, Dempsey and Wislocki (1946) destroyed the basophihe 
reaction of the syncytium and cytotrophoblast of the human placenta and of the 
basophiho cells In the antenor pituitary gland of the rat Davidson and 'Way- 
mouth (1944) have recently identified basophiho mcluslona m hepatic cells by 
means of digestion with crystalhne ribonuclcase 
In addition to the cytoplasmic structures listed above, a number of mvesti 
gators includmg Brachet (1940), Gersh and Bodian (1943) and Dempsey and 
■Wislocki (1944) have noted the disappearance of basophilic staining m the nu 
cleolus after treatment with nbonudease 
The development of ultraviolet iruoroscopy and spectrophotometry by Cas- 
persson and his collaborators has aided greatly our undeisfandmg of the locah- 
ration of nudeoproteins These compounds exhibit strong absorption at about 
2600 A, due to the presence in the molecule of punne and pyrimidine components 
which also show strong absorption at 2000 A However, although the mtensity 
of absorption at this wave length may be used as a quantitative measure of tbe 
amount of these substances in fixed or hving cells (Caspersson, 1940), the method 
does not discnminato between nbonucleoproteins and desoxyribonucleoprotcins 
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Since the absorption spectra of these two compounds are nearly identical 
Nevertheless, the fact that the ultraviolet method provides quantitative data 
IS of the utmost importance, and, smce quahtative (hscnnunation between nbo- 
nucleoprotems and desoxynbonucleoproteins can be made by recourse to the 
Feulgen method and to treatment with nbonuclease, it is now possible to obtain 
rehable information on the changes m concentrations of both vaneties of nu- 
cleoprotems at different functional stages Usmg these methods, Caspersson 
(1939) and Caspersson and Schultz (1940) have studied the ebb and flow of the 
nuclear nucleoprotems dunng the mitotic cycle, and Gersh and Bodian (1943) 
have observed the cycle of nbonucleoprotem disappearance and reappearance 
dimng retrograde chromatol 3 ^ and regeneration m the antenor horn cells of 
the spinal cord 

The data presented above mdicate that of all the basophihc inclusions m 
cells from the various tissues of the body, a considerable number -owe their 
affini ty for basic dyes to their content of nucleoprotems Moreover, it is now 
possible to distmguish between two types of nucleoprotem, the desoxynbonu- 
cleoprotems, which apparently are confined entirely to the nuclear chromatm, 
and the nbonucleoproteins which occur as characteristic cytoplasmic mclusions 
m many cells as well asm the nucleolus and other nuclear locations We shall 
attempt to show m the followmg sections that another large group of compounds, 
the mucoproteins, also exhibit basophdia and may be identified m cells by their 
cytological location and by their charactenstic reactions 

B The imicoproteins The mucoproteins are strongly acid, complex sub- 
stances which on hydrolysis yield a protem, a hexosamme-carbohydrate and, 
as a rule, sulfuric acid Those which contam sulfunc acid are therefore to be 
regarded as sulfunc esters of glycoproteins and are strongly basophihc m thmr 
stammg reactions They are either soluble or exhibit pronounced sweUmg 
m water, and they are easily hydrolyzed to free their constituent carbohydrate 
molecules These properties have been used •with considerable success in devis- 
mg methods for their identification 

The strong acidity of mucus, apparently caused by the presence of sulfunc 
acid, accounts for the marked basophihc properties of the compounds Indeed, 
the basophiha exhibited by these compounds may be revealed even after stam- 
mg m dye solutions so dilute that nuclear chromatm is unstamed (Hempehnann, 
1940) Although the mucoproteins have a great aflBmty for basic dyes, their 
basophiha exhibits a pecuhar quahty m that the tmt assumed by the stamed 
structure may be different from that of the free stam This property, usually 
referred to as metachromasia, is especially noteworthy with some of the thia- 
zm dyes such as tolmdm blue and polychrome methylene blue The phenome- 
non has been extensively studied from a histochenucal viewpomt by Lison (1936) 
who regards metachromasia as mdicative of a sulfunc ester of high molecular 
weight, smce m no other class of compounds could the effect be observed 
Michaehs (1944) has adduced evidence that the phenomenon is caused by a 
mechanism whereby the dye is attached m a pecuhar spatial pattern 

Hempehnann (1940) has recently pubhshed the results of an excellent study 
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of the stmning reactions of the mucoproteina To determine the specificity of 
the metachromatio reaction after Btaming with toluidiu blue or polychrome 
methylene blue, he stained numerous sections of a wide vanety of tissues with 
dilute solutions of these dyes The tissues m which the red violet metachro- 
matic reaobon was obsened were f, the mtracellular matrix of cartilage, S, 
the walls of nrtenes that had undergone mucoid degenerabou, 5, the ground 
substance of heart -valves and some of the fibers of the atnoventncular rmg, 
4, the sclera of the eye, 5, tendon, S, Intracellular mucus and the secretion of the 
epithehal mucous glands, 7, Wharton’s jelly m the umbihcal cord, and 8, the 
mucoid substance m egg yolk. To this list should bo added the granules of 
mast cells and basophilic leucocytes (Holmgren and Wilander, 1940), certam 
deadunl cells m the maternal placenta (Asplund, Borell and Holmgren, 1940) 
and the mesenchymal stroma of ombiyos (Holmgren, 1940) This list includes 
pracbcally aU of the tissues from which mucoprotems have been extracted 
chemically 

In addition to the seleobvity for mucoprotems which is displaj-ed by the 
metachromabc reacbon, Hempelmann found that two vanehes could be differ 
entiated on the basis of their afilnihes for dilute solubons of the two dyes 
When a solubon of either dje diluted to 1 260,000 was used, the glandular 
mucus as well as the muooprotem associated with the connective tissues was 
stamed vividly IVhen greater dilutions (up to 1 1,280,000) were employed, 
the epithehal mucus failed ev entuallj to take the stam while the mesenchymal 
mucoprotems stained almost as mtensely as before These two types of mucus 
differ in that epithelial mucus contains mucoibn sulfunc aad end a protein, 
whereas mesenchymal mucus is a complex containing chondroitin sulfuno acid 
In order to explam the differential staining at great dilubon, it is necessary to 
assume that the chondroitm sulfuno protein has a greater afifimty for the dye 
than does the mucoibn compIe.x. 

The ready solubility of mucus in water prevents its preservabon in many 
histological fixabves Murtures contaliung alcohol are consequently recom- 
mended For the best demonstraUon of the metachromasia of mucous sub- 
stances, fixatives oontainmg the salta of heavy metals are advantageous 
Jorpes, Holmgren and Wilan der (1937), Holmgren and Wilander (1940) and 
Holmgren (1940), who have made extensive studies on the metachromatio gran- 
ules of mast cells and on the occurrence and distnbubon of metachromasia 
m the tissues of adults and embty os, have robed for the most part on basic lead 
acetate as a fixative 

In addition to staining metaohromahcally, the mucoprotems may be identi 
fied by tests which reveal the carbohy drate moiety of the molecule The car 
bohydrate is easily unmasked by mild hydrolysis and may then be stamed m a 
number of ways Thus SchilTs reagent for aldehydes gives an mtense purple 
reacbon Smee this reagent also stains glycogen (Bauer, 1932, 1933), the muco- 
protein carbohydrate moiety must be differentiated from the former either by 
reference to the relative solubihhes of the two compounds after fixation or, 
better still, by the sahva test which destroys glycogen but leaves the carbohy- 



8 


EDWARD W DEMPSEY AND GEORGE B WIBLOCKI 


drate of mucoprotems unaffected The silver reduction test for glycogen em- 
ployed by Mitchell and Wislocki (19M) also gives -positive results for muco- 
protems after suitable fixation Here agam glycogen and mucoprotems may 
be differentiated by means of the sahva test StUl another reaction which 
depends also upon the carbohydrate part of the mucus molecule is the test for 
glucosamme ongmaUy developed by Ehrhch (1901) This test mvolves the 
formation of a red color with dimethyl-paranudo-benzaldehyde after mild 
alkahne hydrolysis This test is superior to the tests for reducing agents 
listed above in that it selectively reacts with glucosamme (Mann, 1902) 

The mucoprotems, therefore, represent a class of compounds which exhibit 
strong affinities for the basic dyes They are frequently poorly preserved m 
histological sections unless specific attention is given to their fixation If ade- 
quately fixed, they may easily be recognized by their metachromasia after 
stammg with certam dyes Glentle acid or alkahne hydrolysis sphts them to 
form reducing bodies which give the characteristic reactions of glucosamme 
C Other basophilic inclusions In addition to the cytoplasnuc mclusions 
which have been sufficiently mvestigated to pemut their identification as nucleo- 
protems or mucoprotems, a vanety of other basophihc structures exists the nature 
of which IS undetermmed at present For example, the thyroid coUoid shows 
strong basophiha, the mtensity of which vanes m different physiological states 
Although nucleoprotem is known to exist m the colloid (Salter, t9'40), it re- 
mains to be detenruned whether this substance accounts completely for the 
basophihc reaction Fmally, attention should be called to the fact that cer- 
tam structures exhibit basophiha although aiLxihary tests have shown neither 
nucleoprotem nor mucoprotem to be present The cross-stnations of skeletal 
muscle are noteworthy m this regard These structures stam mtensely wth 
basic dyes after fixation m either formaldehyde or m salts of heavy metals, their 
stammg reaction is not metachromatic, they do not exhibit a positive Feulgen 
reaction, and digestion with nbonuclease does not affect their affimty for basic 
dyes It must be concluded from these characteristics that the substance 
responsible for the basophiha of the stnations does not depend for its stammg 
characteristics upon the presence of carboxyl groups, and that it is not muco- 
protem, desoxynbonucleoprotem or nbonucleoprotem 
D General considerations relating to basophiha The considerations presented 
in the precedmg sections pomt to the possibdity that the generahzed histological 
phenomenon of basophiha may be broken doira mto several categones depend- 
mg upon specific histochemical reactions Moreover, the simultaneous com- 
parison of the histological and histochemical preparations provides precision 
of locahzation with chemical specificity 
It seems reasonable to divide the basophihc protems mto two mam classes 
The first class consists of protems, the isoelectnc pomt of which is shifted to the 
alkahne side of the ordmary stammg pH by fixation with the salts of heavy 
metals and to the acid side by fixation in formaldehyde The known combmmg 
powers of these fixatives make the assumption reasonable that these changes 
m isoelectric points are caused for the most part by rendermg the carboxyl and 
ammo groups, respectively, non-dissociable 
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The second dess consists of proteins m which the isoelectric point is more add 
than the stdmng pH after reaction with the salts of heavy metals Such be- 
havior mdicates the presence in the molecule of a strongly acid group, and in 
the case of two groups of protems which fall within this class, strongly add 
groups are known to be present Thus the nudeoprotems are phosphono esters 
and the mucoproteins are sulfurio estera It should, however, bo pointed out 
that the present information does not predude the presence of other basophiho 
groups m these molecules For example, it is qmte hkdy that fixation by heavy 
metals shifts the isoelectnc pomt of nudeoprotems m the alkahne direction, 
albeit not so far as to reach the pH at which histological staining reactions are 
ordmanly earned out 

These oonsidemtions point a direction for two future fines of research. If 
vahd, they indicate that strongly amd radicals should oharactenie the stiU 
poorly understood basophiho compounds such as those responsible for the basic 
staining of the oross-stnations of skeletal muscle In this connection, it is 
wdl known that a variety of phosphate-containing substances such as phospho- 
creatine and adenosine tnphosphate is present m musde and are importantly 
concerned with the chemistry of muscle contraction The second, more gen 
eral, line of research involves the characteniation of histologically demonstrable 
proteins by detorminuig their isodectno pomts and by the displacement of these 
iBodectnc pomts by treatment with reagents such as formaldehyde, heavy metal 
ions, etc Hence, detennining the pH at which a given cellular indusion changes 
from basophihc to aadopluho staining should provide data for companson with 
similar informahon derived from the etudy of purified compounds m vitro 

Rbactions or upoidal uateruls Both the histochemical localuation and 
identification of fat-soluble substances are of considerable importance for the 
study of cellular physiological processes The absorption, transport, storage 
and metabolism of fats all pose questions involving accurate localiiation and 
identification Moreover, a number of hpoidal compounds of biological im 
portance are now known (e g , the steroid hormones and the fat-soluble vita 
mins) Finally, modem views of cellular organisation envision the presence 
of protoplasmic interfaces on which surface reactions may occur and hpoids ate 
apparently of great importance m the production of such mterfacial surfaces 

Among the general methods for staining hpoids, two procedures have been 
qmte popular These are the reduction methods m which silver or osmio acid 
IS reduced to a black precipitate, and the solubihty methods in which the fatty 
materials are colored by a fat-soluble but water insoluble dye The reduction 
methods are capricioua and non-specifie, but, on the other hand are exquisite 
m the morphological detaU which they reveal The solubihty methods which 
usually employ Sudan HI or Sudan IV produce somewhat less precise localisa- 
tion but provide Information on the solubihty charactenstios of the stmetures 
which are stamed Moreover, m recent years the use of a new dye, Sudan black 
B, has overcome some of the limitations of the earher procedures It has long 
been known that the lower members of the Sudan senes do not stain all hpoids, 
smoe they are relativoly insoluble m such Bpoidal substances as the phospho- 
hpids and cholesterol In addition, the color of the red Sudan dyes is not suffi 
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ciently intense to pemut resolution of the sma l l est hpoidal inclusions Sudan 
black, however, generates an intense stain in myehn, in the Golgi apparatus, 
and in other hpoidal inclusions which are not revealed by the lower members of 
the Sudan senes (Baker, 1944) 

Accurate chemical charactenaation of the hpoidal matenals mmicroscopic 
sections is not yet possible Nevertheless, a beguinmg at least has been made 
and several group reactions are now known The Smith-Dietnch test for hpmes 
(Dietnch, 1910) is apparently one of these (Lison, 1936) Although the test 
IS not absolutely specific m a chemical sense, compounds such as lecithm, cepha- 
lin and sphmgomyehn resist the differentiation imposed m the test to such a de- 
gree that a positive reaction is veiy strong presumptive evidence for their 
presence B^er (1944) has recently adduced evidence from this and other 
reactions that a mtrogenous hpoid is present m the Golgi apparatus of several 
diverse cells 

One of the reactions which characterizes true fats, as well as other hpoidal 
substances, is saponification This reaction, which results m the formation 
of soaps, does not appear to have received the attention it deserves In plant 
tissues, however, the formation of soaps by alkaline hydrolysis of fats has proved 
useful (McClung, 1937) Perhaps the reason for its present disrepute stems 
from the erroneous behef of earher mvestigators that the method differentiated 
free fatty acids from theur esters (Fischler, 1904) This it certainly does not do 
(cf Lison, 1936, pp 203-204) Nevertheless, a classification of fatty mclusions 
based upon the ease or impossibihty of their saponification should prove useful, 
particularly m tissues m which both saponifiable and non-eaponifiable hpoids 
are simultaneously present The method should also prove useful for removmg 
saponifiable matenal from sections leavmg the non-saponifiable fraction for 
subsequent study 

The recent development of the related fields of steroid chemistry and endo- 
cnnology has prompted several mvestigations of the various glands which secrete 
the steroid hormones These hormones are all alike m that they contain a 
cydopentenophenanthrene nucleus The various compounds which have di- 
verse biological effects differ m the kmd and location of vanous side groupmgs 
on the nucleus The activity appears to be due to hydroxy- or keto-groupmgs, 
for the most part Reasomng that ketone reactions, coupled with solubihty 
tests, should reveal the location of the ketosteroids, Bennett (1940) found that 
the outer layer of the fasciculata m the adrenal cortex of the cat contamed ace- 
tone-soluble matenals which formed phenylhydrazones and semicarbazides 
He showed also that the hpoids m this area were capable of reducmg silver m 
alkalme solutions The hpoidal droplets contamed withm the cells were fre- 
quently buefrmgent, and, on reaction with digitomne, anisotropic crystals 
were formed Smce these reactions are characteristic of ketosteroids, and 
smce they were negative in regions of the adrenal cortex other than the outer 
layer of the fasciculata, Bennett concluded that this zone represents the site of 
ongm and secretion of the adrenal cortical hormones Subsequently, the 
phenylhydrazme reaction has been apphed to the mammahan testis where 
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phenylhydraiones are formed m the interstitial cells (Pollock, 1942), to the rat’s 
ovary, where the reacting substances are restnoted to thecal, luteal and inter 
gtabal cells (Dempsey and Bassett, 1913) and to the human placenta m which 
reactions have been observed m the syncytial trophoblast (Wislocki and Bennett, 

1943) 

Bennett’s conohisions were severely crltioiied by Gomon (1942) who pointed 
out that the phenylhydraiones formed after treatment with phenylhydraime 
were supenmposable upon the results obtamed by the plasmal reaction of Feul 
gen and Voit (1924) The plasmal reaction mvolves the recolorlzation of leuco- 
fuchsm, which, under the name of Schiff’a reagent, is commonly employed m 
tests for aldehydes Feulgen and Voit (1924), Verne (1929), and Gomon (1942) 
regard the reaction as mdicating the presence of aldehydes of fatty acids. How- 
ever, it has not been possible to ondue fatty adds by oxidations as mild as those 
which are effective m the plasmal reaction, and Lison (1932) m a comprehensive 
study found that positive reacbons with Schiffs reagent could bo obtained with 
aldehydes, oertam ketones, and even by some unsaturated compounds which 
contamed no carbonyl grouping Moreover, the carbonyl group m certam 
steroids is active enough to react with phenylhydraime (Bennett, 1940), Schiff’a 
reagent (Dempsey and Wislocki, 1944), and ealver m alkahne solubon (Reich 
stein and Shoppee, 1943) It therefore appears that these reacbons, commonly 
employed to detect aldehydes, are not capable of differenbatmg between aide 
hydes and ketosteroids Yet, accessory evidence to be presented below, inch 
cates that at least m the adrenal gland, ovary, tesbs and placenta, posiUve 
phenylhydraime reactions occur m the same locabons which also may exhibit 
other steroid reacbons and are therefore mdicative of steroid substances 

Among the characteristic reactions of the steroid hormones, their fluorescence 
(Bierry and Gomon, 1930, Reiohetem and Shoppee, 1943), their abihty to form 
spheroerystals, their reaction with digitonme to form crystals which are aniso- 
tropic (Fieser, 1937), and their response to the Liebermann Burchardt teat are 
noteworthy These procedures have been applied m this laboratory to the 
ovary (Dempsey and Bassett, 1943) and the placenta (Dempsey and Wislocki, 

1944) In brief, positive reacbons have been obtamed m the same locabons 
which also contam substances reactmg with phenylhydraime and Schiff's 
reagent 

Smeo the active hormones elaborated by the organa studied are steroids 
possessmg keto-groups, it seems reasonable to attribute both the pombve steroid 
reactions and the reacbons with phenylhydraime and Schiffs reagent to the 
hormones or their precursors At all events, the point of doing these tests is 
to locate the areas of the glands which contain biologically active substances 
Even if some of the positii o areas contam addibonai substances such as alde- 
hydes which add to the intensity of rcacbon, or if the advenbbous aldchydee 
turn out to be more widely distributed than the hormones themselves, it seems 
that one can safely say that the non reacbve areas do not contam the hormones 
in significant amounts 

The correlation of the steroid reactions described above with different physi- 
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ological states so far been done only fragmentanly Sarason (1943) bas 
reported that the sudanophihc and birefnngent zone m the adrenal cortex de- 
creases in thickness after hypophysectomy The changes in the adrenal cortex 
during the alarm reaction have been studied by Popjak (1944) In moderate 
stress there is an mcrease m the phenylhydrazme reaction, whereas dunng severe 
stress a depletion of the substances which form phenylhydrazones occurs These 

results have been confirmed m this laboratory (Deane, unpublished experiments) 
for both hypophysectomized rata and rats subjected to cold environments 
The changes observed after these experimental procedures may be detected 
either with the Schiff reaction or by observmg the birefrmgence or fluorescence of 
’ - 1 1 For the ovary of the rat, Dempsey and Bassett (1943) descnbed the 

^ the vanous reactions at approximately the time at which the Graafian 
develops its antrum They also called attention to changes m the reac- 
tvhich occur during the lifetime of the corpus luteum, but made no de- 
’ analysis of these changes m reference to the physiological cycle of the 
y However, Everett (1945) has recentlj’" correlated the Liebermann- 
>hn dt reaction with the stage of the reproductive cycle m rats and has 
>wn that a marked change m the reactiveness of the corpus luteum of the 
previous cycle normally occurs just pnor to omlation In persistently estrous 
rats, m which ovulation does not spontaneously occur, there is an almost com- 
plete deficiency m the reactive matenal of the corpus luteum Smce Everett 
’ IS previously shown that the persistently estrous rats fail to ovulate because 
of a preo\RiIatory deficiency of progesterone, there is presumptive evidence that 
the Liebermann-Burchardt reaction may serve as an mdex of progesterone for- 
on and secretion This very promismg lead should be investigated further 
far as the testis is concerned, relatively httle is known Talbot and Demp- 
(unpubhshed observations) have found httle or no birefnngent hpoids m the 
tial cells of infants and young boj's, whereas considerable amounts are 
m the Leydig cells of adult men In one case of marked sexual pre- 
-'itj'’, birefnngent hpoids were observed m the testis of a child Conversely, 
birefrmgence of the testicular hpoids was decreased or absent m several cases of 
hypogonadism 

Before passmg from the subject of the steroid reactions, it may be appropnate 
to mention a valuable improvement on the phenylhydrazme hydrochlonde 
method of Bennett which has been worked out m this laboratory by M Bechet, 
but which has not yet been published This method involves the use of 2-4 
dmitrophenylhydrazme sulfate m phosphate buffer at pH 6 0-6 8 The phenyl- 
hydrazones formed with this compound are much deeper m color than are those 
formed after treatment with phenylhydrazme hydrochlonde In consequence, 
thinner sections can be prepared and much better localization of the reactive 
substances is possible than followmg the pre^^.ous method Moreover, the nitro- 
denvative reacts more energetically than does phenylhydrazme, a circumstance 
which has been utihzed to advantage m identifymg the less reactive carbonyl 
groupmgs m sections of the adrenal cortex by the combmed use of the hydro- 
chlonde and the mtro-denvative The procedure deiused involves treatment 
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of the section with phenylhydranne hydroohlonde until the more reactive groups 
are oombmed, followed by subsequent immersion in a solution of 2-4 dimtro- 
pheuylhydraime sulfate The rod dmitrophcnj Ihydraione may be differenti- 
ated from the yellow phenylhydraione by virtue of the difference In their eolors 
Vitaimn A has recently received considerable attention because of the pos- 
sibility of localuliig it by virtue of its specific fluorescence This subject has 
recently been reviewed by Popper (1044) However, the charactenstlo green 
ish fluorescence of vitaimn A may bo confused with the sunilar greenish fluores- 
cence exhibited by many steroids Nevertheless, the two maj be differentiated 
In a vanety of ways The fluorescence of vitamm A fades rapidly on exposure 
to ultraviolet light, whereas the greenish fluorescence ideutiflable m the organs 
wHch secrete steroidal compounds is stable and remains unaltered after hours of 
exposure Moreover, the Carr-Prlce reaction, as modified for tissue secUona 
(of Cowdry, 1943), provides a color test which is specific for vitamin A An- 
other chemical reaction which has so far not been apphed to sections, has re 
oontly been published by Sobel and Werbm (1946) This test mvolves the 
development of a blue color when vitamm A reacts with glycerol 1,3-dichloro 
hydrin The teohmque is somewhat sunpler than is that m the Carr Price 
reaction, the color is more stable, and carotene may also be detected as this 
latter substance produces a green color 
EKZYUAIIO EEACnOKB AS APPUEO TO TIBSUE BEcnoNB The studj of en- 
symes and eniymatic reactions has received increasmg attention from bio- 
chemists m recent yeare It is now generally beheved that most of the chemical 
reactions which occur in hving cells are controlled by enxymes The eniyme 
exerts a direotmg influence by malting the reaction proceed so rapidly in one 
direcbon that ride reactions become of negbgiblo importance (Sumner and Som 
ers, 1943) It is apparent, therefore, that studies of the concentration and 
localisation of ensymes provide Information which can be related directly to the 
physiological activity of the tissues Unfortunately only very few of the nu 
merous ensyme reactions In the armamentarium of the chemist are at present 
apphcablo as true histoohemioal reactions A certain number of microchemical 
procedures have been devised and have been earned out with ingemous histolog 
ical control by the methods of Linderetrdm Lang (cf Biol Symp , 1944, Ann 
Rev Blochem , 1944 for references), but the degree of cytological localisation 
possible with these procedures is actually very shght Among the methods 
which have successfully applied to sections, those concermng a vanety of oxi 
dases and poroxidasea have received the greatest amount of attention 
A. OxidatiK meyma The fact that organs differ in their oxidismg powers 
has been a part of biochemical knowledge sinoe Ehrlich (1885), who showed that 
the mjection of substances now described as reduction-oxidation mdicators 
stamed some organs but not others Among the reactions which ho employed 
was the formation of mdopbenol blue upon rejection of alpha naphthol and para 
phenylenediamine This reaction is usually described m current literature as 
the indophenol oxidase reaction, the nadi reaction, or simply as the oxidase reac 
tion It has been applied to a large number of animal tissues In recent years 


14 


EDWAKD ■W. BEMPSET AND GEOKGE B TVIBLOCKI 


this reaction has attained even greater popularity since Keilin (1933) demon- 
strated that it reveals the presence of Warburg’s Atmungsfervmit, now ordmanly 
descnbed as the cytochrome oxidase-cjdochrome c 83 rBtem 

The mdophenol oxidase reaction, although it apparently reveals the cyto- 
chrome system, must be carefully employed to give reliable results Substances 
occur, notably m cells of the mjreloid senes, which are responsive to the reaction 
after drymg or other types of fixation On the other hand, more labile sub- 
stances exist m the cells of many other tissues, the reaction m which can only 
be obtamed m fresh unfixed tissues Moreover, the pH at which the reaction is 
earned out markedly influences the results Lison (1936) regards only the reac- 
tion earned out in alkahne solution on fresh tissues as mdicative of the pres- 
ence of the cytochrome oxidase-cytochrome c system 

In addition to the nadi reaction, similar results have been obtained by the 
use of other phenohe substances as substrates for the enz 3 une system (Lison, 
1936) 

The oxidase reactions, as emplo 3 red above, are capable of utihzmg oxygen 
m its atmosphenc or molecular form In contrast to the oxidase enzymes, 
another set of enzjunes commonly known as the peroxidases, are capable of 
oxidizmg the same substrates but only m the presence of nascent oxygen, the 
source of which is ordmanly hydrogen peroxide The presence of true peroxi- 
dases was formerly doubted m mammalian tissues, smee the ubiqmtoua occur- 
rence of catalase together with the extreme toxicity of peroxide was thought to 
preclude any biological importance of the peroxidase system However, it now 
seems well established that peroxidases are a normal constituent of mammahan 
cells (cf Lippman, 1943) and a tentative function has been suggested for the 
enzyme m the metabolism of lodme m the thyroid gland (Dempsey, 1944) 
In general, it may be said that the oxidase and peroxidase reactions reveal the 
specific activity of the respective enzymes This statement appears to be true 
by defimtion, smee the test actually mvolves the catalytic couphng of oxygen 
with the various substrates Moreover, the results obtamed by these reac*^ions 
are m good agreement with those secured by the use of reduction-oxidation 
mdicator dyes (cf Flexner and Stiehler, 1938) So far as histological localiza- 
tion IS concerned, the reactions appear to be entirely adequate, smee the colored 
oxidation products of the substrates are highly insoluble substances and are 
therefore precipitated out m the cells m which the enzyme occurs However, 
there is some question as to the cytological precision of the tests Lison (1938, 
p 278 et seq ) has revieived this problem, a short rfeum6 of the elements of 
which IS discussed here In bnef, the problem mvolves the possibihty that 
elements exist withm the cell which show an extreme aflhnty for the oxidation 
products of the substrate Hollande (1924) has presented experiments showmg 
that identical effects can be obtamed either by the nadi reaction or by stauung 
with an alcohohe solution of mdophenol blue, diluted at the moment of stauung 
with water Such dilution of the dye causes it to assume a metastable condition 
from which it is easily precipitated The precipitation apparently occurs selec- 
tively upon certam mtracellular granules, and this gives nse to the typically 
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granulated appearance charaotenstio the nadi reaotioru These granules, 
according to HoDande, are, properly speaking, not oxidase granules but indo 
phenophile granules In the ease of the peroxidase reaction in which beniddine 
IS used ns a substrate, the granules are oxybeniophile 

Eegardless of the degree of oytological precision possible with these methods, 
they provide, nevertheless, information which may be correlated with the func 
bonal state of mdividual tissues Hexner and Stiehler (1938) have observed that 
a marked increase m the ondase reaction corresponds m time to the begmning of 
secretion by the ohonoid plexus of the pig embryo A siinilar situation obtains 
m the deveiopmg renal tubules (Flexner, 1939) Dempsey and Wislocki (1944), 
m studying the distribution of glycogen in the human placenta, noted that glyco- 
gen accumulation occurred in tissues the oxidase activity of which was low 
They also pomted out, from comparmg Weed’s (1917) data on glycogen storage 
m the cells of the deveiopmg chonoid plexus with Flexner and Stichler’s (1938) 
mformation concermng the occurrence there of axidase reaction and reaction 
oxidation potentials, that glycogen precedes the advent of the oxidase reaction, 
the two proceHKs bemg apparently mutuaBy incompatible A somewhat similar 
relationship exists m the deveiopmg renal tubules These considerations and 
others led Dempsey and Wislooki (1944) to postulate that the significance of 
glycogen storage m cells of the placenta and fetal organs might be to furnish 
energy for anerobic respiration m cells the respiratory metabolism of which was 
insufficient for their needs 

Both the oxidase and perondase reactions have also been correlated with the 
activity of the thyroid gland Blue granules can easily be demonstrated m the 
thyroid cells after application of the nadi reagents The peroxidase, or bema 
dme-HiOi reaction, also causes blue granules to appear m the thyroid cells The 
latter reaction is abolished by the addition of thiouracil to the bath mnhichthe 
sections are stained, whereas the oxidase reaction is unaffected by this drug 
Smee thiouracil prevents the formation of thyroid hormone by the thyroid gland 
(Astwood, Bissel, SuUrvan and Tyslowiti, 1943, Macitenne and MaoKensie, 
1943) and smee peroxidase catalyzes reactions analogous to those m\ oh-ed m 
thyroxin synthesis (Westerfeld and Lowe, 1942), Dempsey (1944) suggested 
that peroxidase was a natural component of the thyroid cell and that it partim 
pated m the reactions leading to the formation of thyroxm On the other band, 
the reduction-oxidation potentials of the thyroid gland undergo changes m 
different physiologioal states (DoRobertis and Goncalves, 1946), and poisons, 
such as cyamde and ando which inhibit the lytochrome system, also inhibit the 
synthesis of thyroxm in survivmg sUces of thyroid tissue (Schachner, Frankhn 
and Chaikoff, 1943) The latter authors have suggested, therefore, that the 
cytochrome system provides the oxidative energy for the synthesis of the thyroid 
hormone 

B The dopa oxtdate reachon An enzyme exists in melamn formmg ceils 
which IS capable of catalyzmg the oxidation of desoxyphenylalanine This sub- 
stance, usually abbreviated to dopa polymenies when oxidized to form a 
tarry compound similar to, if not identical with, the natural pigment (Bloch, 
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1917) The dopa reaction as earned out on tissue sections involves the incuba- 
tion of the section in a solution of dopa The presence of dopa oxidase is indi- 
cated by the formation of a black or brown insoluble pigment at the site of the 
enzyme 

In recent years mterest m pigment formation has been revived because of the 
discoveiy of physiological methods for the control of melanogenesis HaJh 
and Graef (1943) have described changes m pigmentation mduced by altermg 
the adrenal cortical function of rats Similarly, graymg of the hair has been 
desenbed as a result of deficiency m certam B vitamms (cf Unna, Richards 
and Sampson, 1941) So far as the present reviewers are aware, however, sys- 
tematic studies of the relation of the dopa reaction to the factors causmg changes 
m pigmentation have not yet been made Such studies should contnbute 
greatly to our understandmg both of the mechanism of melanogenesis and the 
physiological effects of the vitamms and hormones on pigmentation 

C Phosphatases The simultaneous pubhcation m 1939 by Gomon and 
Takamatsu of nearly identical methods for the histological demonstration of 
alkahne phosphatase opened a new chapter m enzymatic histochemistry The 
methods mvolve the mcubation of tissue sections m a buffered solution contam- 
mg glycerophosphate as a substrate and calcium ions Under these conditions 
the enz 3 me hberates phosphonc acid from the phosphate The phosphonc 
acid immediately reacts with the calcium ions and, m an alkaline medium, 
precipitates out as tncalcium phosphate The latter substance is finally re- 
vealed by transformation mto a black precipitate by treatment with cobaltous 
salts and ammomum sulfate (Gomon, 1941a), by staimng with ahzann (Rabat 
and Furth, 1941), or by silver impregnation methods (Bourne, 1943) 

Soon, following the pubhcation of his method for alkahne phosphatase, Gomon 
(1941b) announced a sumlar method for the demonstration of acid phosphatase 
Smee most morgamc phosphates are soluble m acid solution, it was necessary 
to find one which w as insoluble at pH 4 7, the optimum of the enzyme Gomon 
found that lead phosphate was sufficiently insoluble to meet these requirements 
and that lead salts did not mhibit the reaction 

The discovery of the two methods for alkahne and acid phosphatase led very 
shortly thereafter to the pubhcation of three valuable survey papers (Gomon, 
1941a, lYabat and Furth, 1941, Wolf, Rabat and Newman, 1943) m which the 
prmcipal sites of phosphatase activity m the mammahan body were desenbed 
It w^as immediately apparent from these studies that phosphatases were wide- 
spread m their occurrence m the body In vanous locations phosphatase oc- 
curred vanously withm cell nuclei, m the cell cytoplasm, m tissue spaces and m 
the lumma of glands Houever, when different species were compared one with 
another, marked differences m distribution and concentration of the enzymes 
became apparent For example, m the hver, the reaction occurs variably and 
unpredictably m the endothelial cells, the hepatic cells and the bde capillanes 
of different species Similarly, m the ovary of the rabbit, the granulosa cells 
contam alkahne phosphatase and the thecal cells none, whereas m the sow and 
monkey, the enzyme is restneted to the theca and does not occur m the granu- 
losa (Comer, 1944) 
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Despite Buch apparent contradictions in different species, there is reason to 
believe that phosphatases are importantly concerned in various metabohc 
processes Thus, m developmg bone, there is an alkaline phosphatase, the pur 
pose of which is apparently to provide phosphate ions for the calcificatory proc- 
ess (Robison, 1922, Hams, 1932, Horowiti, 1942) Similarly, phosphatases 
are behoved to play rfiles m the metabolism of nucleotides, phospholipids and 
carbohydrates (Sumner and Somers, 1943) We do not wish to discuss these 
relationships fully here, but will return to the possible significance of phosphatase 
to these metabohc processes in a later section 
T^mel (1946) has recently made the interesting observation that alkalino 
phosphatase is concentrated in the Golgi aone of the absorptive cells of the 
mtestinal mucosa The amount of the ensyme present m the Golgi apparatus 
of these eprthehal cells is so great that the phosphatase preparations rival those 
prepared by osrmo acid methods m the elegance with which the Golgi apparatus 
IS displayed We have confirmed Emmel’s observation regarding aUralme phos- 
phatase (Deane and Dempsey, unpublished data) and have made the additional 
observation that nod phosphatase is also promment m the Golgi region of m 
testinal oella Moreover, both acid and alkaline phosphatase preparations differ 
in one mterestmg respect from the Golgd preparations made by osmio acid or 
silver reduction With these latter methods, the Golgi net is most prominently 
and easily impregnated m the cells covenng the tips of the vilh, whereas the 
cells Iming the sides and deeper parts of the vilh are more difficult to demon 
strate (Werner, 1928) Conversely, m tho phosphatase preparations, the Golgi 
apparatus m the cells at the tips of the vilh is never impregnated, whereas it is 
easily demonstrable m the ceUe at tho sides and base Hmmol was unable to 
demonstmte alkaline phosphatase m the Golgi region of kidney epithehum and 
therefore regarded the phosphatase reaction m the Golgi apparatus of the 
mtestinal epithelium as umque. Nevertheless, although more difficult to 
achieve, we have been able to demonstrate both acid and alkalme phosphatase 
m the form of granules or even occasionally as well-defined nets m the lone occu- 
pied by the Golgi apparatus m a variety of epitheha mcludmg the hver, the 
lodney, the pregnant uterus, the seminal epithehum and the epididymis These 
observations afford a specific chemical clue to tho significance of the Golgi 
apparatus On purely cytological grounds the Golgi apparatus has long been 
regarded as a center of vital cellular and secretory activity, partly because of 
its invariable enlargement m states of heightened phymologioal activity and 
partly because secretory granules appear to be formed m association with it 
or at least m its vicimty (Kirkman and Sovennghaus, 1938) The observations 
cited above seem to substantiate this view on cytochemical grounds, mdlcating 
ns they do a close association between the Golgi apparatus and enaymes known 
to partiapato importantly in cellular metabolic processes 
An interestmg example of how chemical inferences may be drawn from histo- 
logical data is denved from the action of different fixatii es upon phosphatase 
Gomon (1941b) remarks that phosphatase cannot be demonstrated m sections 
fixed m standard histologieal fixatives such as formaldehyde or mixtures which 
contam such substances as mercunc chloride or picric acid One can conclude 
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from these facts that for its proper action the enzyme requires both free ammo 
and carboxyl groups, smce, as we have already discussed m an earher section, 
formaldehyde and the heavy metals used as fixatives have the properties of com- 
bmmg respectively with ammo and carboxyl groups and preventmg their dis- 
sociation Consequently, from a histochemical pomt of view, considerable 
mterest attaches to a recent paper by Gould (1944) m which after purely chem- 
ical procedures it was concluded that phosphatase requires the presence of free 
ammo and carboxyl groups 

Chemical inteerelationbhips in cells Comparative cytochemistry 
It IS a well-recogmzed prmciple m histology that organs or tissues may be re- 
garded as the sum of a relatively small number of different structural elements 
comp risin g the component cells and mterstitial matenals The morphological 
characteristics of the cells and mterstitial matenals serve to differentiate dif- 
ferent tissues one from another For example, the prmcipal distmction between 
bone and fibrous connective tissue might be expressed by the statement that the 
mterstitial matrix of the former contains dense deposits of calcium salts whereas 
the latter does not A system of classification based upon these prmciples was, 
as a matter of fact, proposed by Ohver Wendell Hohnes m 1862 together with 
the suggestion that smtable symbols might be attached to the vanous elemental 
morphological constituents so that histological structures could be represented 
by formulae similar to those which have proved useful m chemistry This sug- 
gestion never caught on, probably because the number of elemental components 
which could be agreed upon was so small as to make such sjunbolic representa- 
tion unnecessary 

At the cytological level of study, some systematization based prmcipally 
upon similarities of morphological appearance and reactivity to stammg pro- 
cedures has been achieved m the past The classification of the cells of the 
organism mto the component tissues of the body is such a sj^stematization (Bi- 
chat, 1801) However, the available cntena are m most instances so coarse 
that only the crudest kmds of sumlanties are enjoyed by some of the members 
of the same group For example, the epitheha are so widely divergent from 
one another both m structure and apparent function that relatively httle is to 
be gamed by groupmg the parenchymal cells of the th 3 T:oid with, say, those of 
the epidermis mto one category Such discrepant aspects withm the customarily 
recognized divisions have led to a kmd of systematic empincism shared by his- 
tologists and cytologists whereby only hp-service is paid to the category, and 
each organ or mdeed each of several separate cell types which may occur withm 
it is regarded as a separate and umque phenomenon 

The mtroduction of histochemical and cytochemical methods permits another 
system of classification or characterization of cells It is possible, for example, 
to group into one category the cells m which basophilic c 3 doplasimc nucleopro- 
tems are an outstandmg characteristic, mto another categoiy those cells which 
contam large amounts of phosphatase, and mto a third group those which ex- 
hibit glycogen storage This system is capable of mdefimte expansion as other 


HISTOOHEincAL CONTraBOTIONS TO PHTSIOLOOr 


19 


methoda reveal further hiatochemical properties Moreover, eventually it 
becomes possible to correlate such mdividual chemical oharaotenstics with 
underlymg important chemical processes within a given type of cell and onp 
thereby begms to become acquamted with the cell in dynamic or functional 
terms 

Examination of the proposal to divide cells mto categories based on histo- 
ohemical charactemation reveals at once the unportance of selectmg significant 
chemical entities If, for example, one were to choose the presence merely of 
protein substances as a common denominator, the group would bo too mdusive 
to bo significant Ideally the distin g uishin g oharactenstio should be made suf 
ficlently restnctive so that its presence would roi’eal a specific cellular activity 
As an example one could cite the presence of hemoglobm m erythrocytes Be- 
tween the extremes cited there would exist a vanety of characteristics of varymg 
degrees of specificity and usefulness 

The usefulness of such a procedure will depend, in the final analysis, upon the 
number and importance of the new facts which are brought to light and upon the 
future expenments which this manner of approach suggests We beheve that 
such an approach relating to the chemical characteristics of diverse groups of 
cells should illumme many aspects of cellular biology Although at the present 
tome our techmcal methoda permit only the most fragmentary penetration into 
this field, we beheve that further extension of histochermcal methods and cor- 
relation will be exceedingly fruitfuL We should lihe, therefore, to present in 
the remamder of this review a few examples of correlations between histochem 
loal characteristics and cellular activities 

A The relalwn of nudeoprotems to proletn tynihetu Greenstein (1944) has 
recently reviewed the evidence for nucleoprotein participation m protem syn 
thesis and has discussed the possible meebamsms by which the nucleoprotein 
exerts its controlhng mfluence It is consequently unnecessary here to dwell 
extensively upon the evidence supportmg the hypothesis that nudeoprotems 
are ensymes which regulate protem formation or are templates upon which 
particular kinds of proteins are fashioned Instead, we prefer to summariie 
only briefly some of the information presented by Greenstem and to odd a few 
accessory obeervations which have become available smoe his arbole was pub- 
lished 

As discussed m an earlier eection of this review, the cytoplasmic basophilia 
which is a oharactenstio feature of many different cells widely located throughout 
the body is now known to be caused by the presence of ribonucleoproteins 
Cells exhibitmg cytoplasmic basophiha occur m most parts of the body and may 
be denved from any of the three germ layore, and smee they contam nuoleopro- 
teins, it is logical to assume that they are engaged m rapid protem synthesia 
Furthermore, in certain mstances, differences m the rate of protem formation 
are accompanied by differences m the amount or distribution of the oytoplasmio 
basophiha. Wo should particularly like to emphasue this relationship of nu- 
cleoproteiu concentration to protein synthesis 

The sero-symogemc glands associated with the digestive system exhibit 
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basoplulic staining m the basal portion of the cell Basal chromidial substance 
IS a distinguishing feature of the serous portions of the sahvary glands, the 
pancreatic acini and of certain of the glandular cells within the intestinal tract 
In these cells, the zymogen granules ordmanly occupy the apical portion of the 
cell extendmg downward so that m the restmg gland the most basaUy located 
granules overlap the region occupied by the basal chromidial substance Upon 
stimulation of the gland to secretory activity the cells are readily depleted of 
their apically located granules whereas only rarely and after mtense stimulation 
do the more basally located granules disappear (Babkm, 1944) Moreover, 
durmg secretory activity, the chromidial substance becomes more abundant 
and may be stamed more mtensely (cf Minsky, 1943) 

It IS a weU-known fact that the early developmental stages of the blood cells 
are typically basophihc In the case of the eiythrocyte senes, basophiha is 
mversely proportional to the content of hemoglobm withm the cell Young 
stages are strongly basophihc and contain no hemoglobm, juvenile stages are 
characterized by diminishing basophiha and an mcreasmg concentration of 
hemoglobm, whereas mature erythroc 5 des stain almost not at all with basic 
dyes and contain an abundance of hemoglobm A similar relationship obtains 
between basophilia and the specific granules of the myelocytes, as the granules 
mcrease the basophiha dechnes to complete extmction m the mature cells Con- 
sequently, m both the erythrocyte and the granulocyte senes, basophiha de- 
chnes mversely with the accumulation of the specific cytoplasrmc proteins 
The situation m regard to the lymphocyte is somewhat more complex and 
until recently was less well understood The csdoplasm of cells of the lympho- 
cyte senes is typically basophihc both m early and mature developmental stages 
However, the relationship of this fact to the possibdity of protem synthesis has 
only recently been elucidated A bnUiant senes of mvestigations to which 
contnbutions have been made by Dougherty and White (1945), Hams, Gnmm, 
Mertens and Ehnch (1945), Kass (1945), and Ehnch and Hams (1945) has 
demonstrated that durmg certam physiological states there is a mobilization of 
lymphocytes from their stores m the tissues, while at the same time m the blood 
stream a lymphopema occurs This paradoxical situation is explamable on the 
hypothesis that the lymphocytes undergo hquefaction m the circulation, a 
corollary to this bemg that they hberate the protems composmg them mto the 
blood stream Investigations designed to test this hypothesis have shown that 
parallel to the disappearance of the circulatmg lymphocytes there is an mcrease 
m the gamma globuhn fraction of the plasma proteins, and that washed lympho- 
cytes produce, when lysed, a protem the electrophoretic mobihty of which is 
identical with that of the gamma globuhn Furthermore, Ehnch and Hams 
(1945) have demonstrated that the lymphocytes contnbute to antibody pro- 
duction when activated by antigens In consequence of these extraorinary 
findings, it now appears that a major function of lymphocjdes is to produce 
globulins which participate m immune reactions Consequently, the globuhn 
synthesis of the lymphocyte can now be related to the cytoplasmic nucleopro- 
tems which are responsible for basophihc properties of the cells 
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The phenomenon of ohromatolyBia m nerve cells after section of Iho axon has 
long known This process involves the dissolution and disappearance of 
the Nissl bodies during retrograde degeneration of the nerve fiber Subsequent 
to the degenerative chromatolysis, regeneration of the axon occurs and there is 
a parallel reconstitution of the Nissl substance For several reasons, inoludmg 
their basophiho property, Held as long ago as 1896 suggested that the Nissl 
bodies were nncleoprotem m nature However, not until recently was the fact 
firmly established Geiah and Bodian (1943) showed that the ultraviolet 
absorption spcotnim of Nissl substance was identical to that of nucleoprotems 
and, further, that both the ultraviolet absorption and the characteristic tme- 
tonal properties wore destroyed by digestion m a solution of crystalline ribo- 
nucleasc Thus, m nerve cells there Is also a conespondonce between nucleo- 
protein and protem synthesis In the mtact nerve cell, which is presumably 
maotive with respect to protem synthesis, the nucleoprotein is apparently 
aggregated into clumps During the process of regeneration, it may bo pre- 
sumed that synthesis of new protein to reconstitute the axon must occur In 
this phase there is a dispersal of the cellular nucleoprotem to bo followed agam 
by its segregation mto clumps at the close of the regenerative process 
Basophilia may also bo associated ivith protem synthesis in certain of the 
glands of mtemal secretion While mi'estigatmg the human placenta, Dempsey 
and Wislocki (1944) were struck by the observation that both the ^oytial 
and cellular trophoblast were strongly basophihe m early pregnancy, whereas 
m later stages the amount of basophilic substance dechned until at term only 
occasional cytotrophoblaatio elements retained their basophilic property By 
recourse to digestion with crystallme rlbonudcasc, these authors were able to 
identify the basophilic substance as nucleoprotem The correspondence m the 
amounts of basophiha exhibited in the trophoblast and the amounts of chonomc 
gonadotropm excreted m tho unne durmg the various stages of pregnancy 
prompted tho suggestion that the basophiho nuclooprotem rmght be concerned 
m the aynthesis of the hormone Moreover, because the pituitary hormones 
are chemically similar to those from the placenta, Dempsey and Wislocki (1944) 
sought and found nbonucleoprotem to be a prominent cytoplasmic feature of 
certain cells of tho antenor pituitary gland 
Another example of tho correspondence between cytoplasmic basophiha 
and protem formation stems from a comparative study of tho placental barrier 
(Wislocki and Dempsey, 1946) Tho glandular and surface cpithehiun of tho 
uterus, just prior to and durmg gestation, is rich m basophihe substance, great- 
est m the uterme glands of tho pregnant sow, intermediate in carmvores, and 
least m rodents and m pregnant women In the sow, tho cpithehochonal pla- 
centa consists of a simple apposition of the ohonon against the mtact endo- 
motnum Consequently, all of tho nutritive substances obtomed by tho fetus 
must cither traverse or be formed and secreted by tho uterme epithelium Tho 
abundance of the uterme glands m the sow and the great quantities of ribo- 
nucleoprotem which they contam suggest that the proteins available to the fetus 
reach it through the uterme milk which is secreted by these glands In the 
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human, on the contrary, the utenne glands are probably relatively miunpor- 
tant m the nutrition of the embryo, smce m this species the uterme lumen is 
separated from the fetal tissues by the decidua capsulans Nevertheless, at 
the time of implantation and for a penod thereafter, the paraplacental and sub- 
placental glands are nch m glycogen, hpoids and basophihc substance, suggest- 
mg a nutntive r61e of the glands toward the free blastocyst, and the basal penph- 
eral trophoblast (trophoblastic shell and cell columns) for some tune followmg 
implantation Rodents, as exemplified by the rat and mouse, occupy a s imil ar 
position with respect to the avadabihty of the uterme secretions for the nutntion 
of the fetal adnexa In these two species the mverted yolk sac, after the dissolu- 
tion of the capsulans and the panetal wall of the yolk sac, is exposed to the 
contents of the utenne lumen The uterme glands of the rat and mouse, begm- 
nmg with progestation and extendmg throughout gestation, have an appre- 
ciable complement of basophilia In the cat, however, the uterme glands are 
intermediate between the sow, on the one hand, and man and rodents on the 
other, bemg larger and more active than those of the latter and possessmg much 
more basophiha In this senes of animals the amount of basophihc substance 
IS greatest m the uterme glands of the pregnant sow, intermediate m those of 
the cat, and least m rodents and pregnant women 

The last example which we wish to cite concerns the presence of basophihc 
mclusions m hepatic cells These mclusions are easily demonstrable after 
stammg with pyronm or with methylene blue Their protem nature was read- 
ily established (Pfuhl, 1932) and they were observed to mcrease m size and 
abundance after eatmg Despite them relation to alimentation, it was demon- 
strated that they could not represent albummoid substances because of their 
solubility characteristics Recently, Davidson and Waymouth (1944) have 
demonstrated that these basophihc mclusions m hepatic cells are abolished 
after digestion m a solution of cr 3 rstallme nbonuclease Their nucleoprotem 
nature and their variation durmg alimentation have been confirmed m this 
laboratory (Deane, unpublished data) 

The examples cited above come from diverse morphological locations and 
concern widely different physiological states Yet they have m common the 
fact that cs^toplasmic nbonucleoproteins are contamed withm cells which are 
actively engaged m the synthesis of some kmd of protem substance It is 
temptmg to speculate that smce vanous kmds of proteins are elaborated by the 
different cells, the correspondmg nucleoprotems must also be different either 
m chemieal composition or m spatial configuration It is to be hoped that m 
the future more refined methods will permit us to put to cntical test the assump- 
tion that special proteins must have special templates upon which they are 
fashioned 

B The relaiton between nudeoprotetns and phosphatase We have already 
had occasion m an earher section to allude to the chemical data which imphcate 
phosphatase m nucleoprotem and nucleotide metabohsm However, the r61e 
of phosphatase is far from completely understood Smce nucleotides are m 
themselves orgamc phosphates, it is reasonable to suspect that their degrada- 
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taon mto nuoleoeidcs nught bo a funotion of phosphatase, and indeed it may 
easily be shown in test-tube experiments that nnokotides and nuoleio acids 
may be eniymaboally dephosphorylated by phosphatase. On the other hand, 
an equally reasonable assumption might be that phosphatase serves the purpose 
of providing phosphate ions from some other phosphoiylated substrate for the 
synthesis of nuolrotides However, whatever the nature of the relationship 
between nudeoprotems and phosphatase may be, enough histoehemioal obser 
vations are now available to mdicate that these two compounds frequently occur 
together and to suggest that they may be coupled into some kmd of a metabohc 
process 

The dissolution of the Nissl substance during retrograde degeneration and its 
subsequent reconstitution after regeneration of the nerve fiber have already been 
mentioned Bodian and Mellors (1946) have desonbed parallel changes m the 
concentration withm the nerve cells of phosphatases which operate over a ivide 
range of pH 0urmg ohromatolysis marked increases m phosphatase occur, 
the amount accumulating m the center of the perikaryon bemg sufficient to 
account for the eccentnc displacement of the nucleus which has long served as 
a reliable Indicator of retrograde degeneration Later, followmg regeneration of 
the axon, the accumulated phosphatase disappears ns the Ntssl substance is 
reconstituted and the nucleus returns to its original central position 

A sequence of events rather mnular to that discussed above takes place in the 
human placenta durmg the course of gestation Dempsey and 'Wialocki (1946) 
have described the graduai disappearance of basophihc nudeoprotems from the 
syncytial trophoblast of the chonomo vilh m the course of pregnancy and the 
gradual appearance of alkahnc phosphatase As the syncytium becomes less 
basophilic and more acidophihc, parallel preparations reveal mcreased amounts 
of alkaline phosphatase 

The two examples presented above demonstrate an mverso relationship be- 
tween nbonncleoprotein and phosphatase Such examples are compatible with 
the hypothesis that phosphatase acts to degrade or destroy the nuclcoprotem 
However, we shall illustrate m the next paragraph that this inverse relationahlp 
does not always ohtam, and therefore that the presence of phosphatase does not 
necessarily predude the simultaneous presence of ribonudeoprotems 

The cytoplasm of osteoblasts stains mtensely with basic dyes, as is readily 
demonstrable m undeoalcified preparations of bone After docakification the 
basophihc property of the osteoblasts is largely lost because nudeoprotems are 
readily hydrolyied m solutions of strong imneral adds Thus the basophilic 
quahty of osteoblasts is beat appreciated in preparataons of embryonic bones 
where decalcifioation before sectioning is unnecessary or at most need be mini- 
mal Qmto unlike the nerve cell and placental syncytium described above, the 
osteoblast contams abundant alkaline phosphatase in addition to its striking 
complement of cytoplasmic nudeoprotem The presence of phosphatase m 
these cells is n fact famihar to many by both chemical and hlstochcmical 
methods 

The observations cited above illustrate that phosphatases can exist in quite 
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different relationships with nucleoprotems m different cellular locations The 
thought obtrudes itseff that osteoblasts may represent a situation m which phos- 
phatase IS secreted by cells to become active m the mtervemng mtercellular 
matrix of nucleoprotem If this mterpretation be vahd, the concentration would 
find explanation m the rapid production and secretion of the protein phospha- 
tase Defimtive conclusions on these pomts m question cannot be drawn, but 
it IS to be hoped that future mvestigations will correlate the occurrence of these 
two compounds m other locations 

C The relation between glycogen and phosphatase As a result of the mtensive 
studies of carbohydrate metabolism which have been earned out dunng the past 
decade, the biochemical events leadmg to the formation of glycogen are now 
fairly well understood It is generallv agreed that a phosphorylated mtennedi- 
ary, such as the Con ester, is a necessary antecedent to glycogenesis Begm- 
nmg with this intermediary, the formation of glycogen then proceeds by dephos- 
phorylation of the hexose phosphate which condenses m the specific environment 
of the animal cell mto glycogen The transformation of hexose phosphate mto 
glycogen requires the activity of a phosphate-sphttmg enzyme, and of the vanous 
enzymes capable of such action, alkahne phosphatase has been most frequently 
invoked because of its ubiqmtous occurrence and because of its demonstrated 
capacity to utilize the particular substrates which serve as intermedianes m 
carbohydrate metabolism 

Such considerations as those m the precedmg paragraph lead to the thought 
that phosphatase activity represents the penultimate stage m glycogenesis 
It follows that the enzyme should be demonstrable m a region supervenmg be- 
tween the source of the sugar and the location m which glycogen is bemg de- 
posited This hypothesis lends itself to experimental proof by correlated ob- 
servations on the presence of phosphatase and the deposition of glycogen 

A senes of comparative observations on the occurrence of phosphatase and 
the deposition of glycogen has been presented by Wislocki and Dempsey (1945) 
In both the maternal and fetal portions of the placenta m several species of 
animals it is found that the distnbution of these two substances is m good ac- 
cord with the hypothesis as stated above Nevertheless, several mterestmg dif- 
ferences m the spatial organization of the compounds has been noted In the 
BOW, glycogen occurs only m the fetal chonomc cells but is entirely lackmg m 
the maternal endometrium In this species, alkahne phosphatase is confined to 
the maternal endothehum and to the apical borders of the chonon Thus, the 
transmission of sugar from the maternal to the fetal tissues mvolves its passage 
across two regions m which phoSphatase is demonstrable Smee glycogen 
deposition occurs immediately after its passage across the second region, the 
thought hes close at hand that here is the region of final dephosphorylation which 
precedes the polymerization of the glycogen molecule 

Other variants of the anatomical distnbution of phosphatase and glycogen 
occur m stdl other species, but these vanous manifestations also bear out the 
concept enunciated above In the human endometnum dunng early preg- 
nancy, phosphatase occurs only m the capillary endothehum, whereas glycogen 
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IS densdy conconlrated m the epithelium In the pregnant oat, on the other 
hand, the deeply situated uterine glands contam both glycogen and phosphatase, 
and in this case no other deposits of the eniyme occur m the vicmity Conse- 
quently It appears that, although phosphatase generally occurs between the 
capillary bed and the region m which glycogen is deposited, the anatormcal 
region which contains the ensyme is by no means constant It is to be hoped 
that similar correlated observations m other regions of the body will become 
available 


bumhabt 

The present review desenbes a selected senes of stammg reactions which 
have been applied to tissue sections and which have provided information cap- 
able of chemical mterpretation The pomt of view is expressed that useful 
chemical characterisation of cells and vanous mterstitial substances can often 
be accomplished by methods which are not highly specific Furthonnore, by 
the comparison of several different hnea of evidence, conolusioiis may frequently 
be drawn when a smgle approach would be mconclusive 
Several reactions which are reasonably spccifio for particular compounds or 
groups of compounds are desenbed Among these are reactions for lipoidal 
substances such as hpmea, steroids and vitamm A, and several cnxymatic reac- 
tions including those for oxidases and peroxidase, the dopa reaction and phos- 
phatases. The relationships between the substances revealed by these reactions 
and vanous physiological states are bnefly discussed 
It is pomted out that a system of histological classification based upon histo- 
chemical observations will eventually prove useful Such a system, employ- 
mg chemical criteria, will be more directly apphcable to the analysis of func- 
tional phenomena than the presently used morphological system As examples 
of this type of approach to histological problems, the relabonahips of nucleo- 
protelns to protem synthesis, of nucleoprotems to phosphatase activity, and of 
phosphatase to glycogenesia are discussed 
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THE CORONAHY CIRCULATION 
DONALD E GEEGG»> *• * 

Deparimeni of Medtctne, School of Medicine, Western Reserve University, Cleveland, Ohio 

As in any other vascular bed, the influences controlhng coronary blood flow 
are compnsed of both physical and chenucal factors The flow vanes directly 
with the size of the vascular bed, the pressure head and inversely -with the 
back pressure at the end of the system and the viscous resistance encountered 
m transit through the entire bed Aortic blood pressure detemunes the head 
apphed at the coronary orifices, nght auncular pressure (and to a smaller 
extent pressure m the nght ventncle) determmes venous back pressure "Viscous 
resistance to flow is determmed by the viscosity of the blood and the bore of 
the blood vessels The latter may be altered by two factors passive compres- 
sion and relaxation resultmg from rh3d;hmical myocardial contraction (extra- 
vascular support) and active vasomotor changes m the vessels mduced by nervous 
and/or humoral influences upon their mtmisic muscles 

In past studies of the determmants of coronary blood flow, the venous dram- 
age systems of the two ventncles were considered to operate m fundamentally 
different ways, and local mechanical forces were beheved to be more potent m 
regulatmg flow than the chemical or humoral influences There has been a 
tendency to stress results obtamed m situations ivhere, although certam flow 
determmants were easily and completely controlled, it was neither possible to 
gauge the physiological normalcy of the preparation nor to detennme the 
mfluence of the uncontrollable vanables Recent studies m the dog have 
led to a re-exammation of certam behefs masmuch as several new anatomical 
and functional concepts have arisen concemmg the coronary venous system, 
collaterals, the coronary flow response to drugs, to mcreased cardiac load, and 
to sympathetic nerve stimulation Such modification of our workmg knowledge 
of the coronary circulation has followed the mtroduction of new methods and 
instruments and new and revised experimental procedures The object of this 
commumcation is to consider the development of these and other concepts, 
and to discuss the respective ments and shortcommgs of the various devices 
and preparations used to study the coronary circulation and the factors which 
alter coronary blood flow 

of the Anatomical Structures The nght auncle and ventncle receive 
most of their blood supply from the nght coronary artery, and the left auncle 
and ventncle are supphed largely from the left coronary artery However, 
adjacent portions of the tuo ventncles and the mtraventncular septum are 
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New York 
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supplied m varymg amounta by both coronary artenes The sinoauncular 
and atinculo-ventncular nodes are usually supplied bj the right coronary 
artery, ■while the nght and left bundle branches are supphed by both coronary 
artenes, the arbonratlon syatema receive their blood from the artenes sup- 
plying the myocardium In "which they he (1, 2) 

Comparatively few studies have been made of the capiUanee of tbe heart 
muscle because of the great difficulty of their mjection Weam (3), using an 
injection technique for the isolated bcatbg heart, succeeded m mjectmg the 
entire capillary bed and observed that the capiUanes are parallel to the muscle 
fibers and that each muscle fiber hea m direct contact with one or more capil 
lanes. During normal growth a relatively constant capillary muscle fiber 
ratio IS maintained from birth to matunty Dunng cardiac hypertrophy the 
muscle fibers enlarge, but the capiUanes do not multiply and hence the capillary 
supply per umt volume of heart muscle is reduced (4, 5) 

The venous drainage systems of the myocardium are 1, the superficial or 
subepicardial which empties mto the nght auncle and consists of the antenor 
cardiac veins and the coronary ednus together with associated veins emptying 
near its mouth, and 2, the deeper system of ■vems which communicates directly 
the chambers of the heart 

The deeper system of veins (2, 6) is made up of the arteno-lummal vessels 
(artenal communications between a coronary artery and the heart chambers), 
the arteno-smuBoidal vessels (thin walled endothelial tubes of capillary structure 
connecting arterioles ■with the heart cavities) and Thebesian vessels (channels 
between the coronary vems or the distal ends of capiUanes and the heart cavi 
ties) These c hann els are much more numerous on the nght side of the heart 
The superficial dramage system of coronary veins octends over the surfaces 
of both hearts The greater portion of the subepicardial surface of the left 
vcntncle is traversed by many smaU venous branches which merge to form the 
larger coronary vems These converge to form the coronary smus, which, with 
associated veins emptymg near its mouth, constitute the major superficial 
drainage system of the left heart In the right heart (and particularly evident 
in the dog) the sniftl] venous branches merge to form the antenor cardiac ■veins, 
anatomically the lesser of the superficial venous systems (X) They constitute 
several good sized venous trunks which lie buried in the subepicardial fat occu 
pying the sulcus between tho right auncle and right ventncle and each empties 
separately and directly into the nght auncle a few miUnneters supenor to the 
ventncular border of the tneuspid valve Other smaUer ■veins are m^vanably 
present The anterior cardiac veins, although described by Grant (8), have 
been virtuaUy ignored by physiologists 
In addition, there are numerous anastomotic channels connecting the coro- 
nary veins of auncles and ventnclcs "with each other, with Thebesian channels, 
and with extracardial "veins draining into tho supienor and mfenor venae 
cavae (9) 

In the anatomical sense, the coronary artenes are not end arteries Small 
artenal communications normally exist between the right and left coronary 
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artenes, between branches of the same coronary artery, and between coronary 
and extracardial artenes The intra- and extracardial co mm u ni cations, while 
small, are numerous and collectively have a considerable diameter With 
appropnate stimuh both artenal and venous anastomoses may become greatly 
enlarged (9, 10, 11) 

Experimental approaches to the study of the coronary circulation 
The development of adequate preparations and methods and the overcommg 
of instrumental obstacles is an essential preliminary to the solution of the prob- 
lems dealmg with the circulation Such consideration should reveal m part 
the proper basis for the mterpretation of past and future studies of the cardio- 
vascular system 

The direct quantitative determmation of total coronary flow requires the 
measurement of flow m all of the coronary artenes or veins Flow measure- 
ments made m only one artery or vem may or may not mdicate correctly the 
directional changes m total coronary blood flow In general, when expenments 
are designed to permit measurement of total mflow or outflow, the preparation 
usually becomes sufficiently removed from the normal as to limit the mterpre- 
tation of results 

Blood Flow Meamrements mth Demces Requiring CiUling the Coronary Vessd 
Each device must be inserted between the severed ends of a coronary vessel 
The mstruments may be convemently divided mto those which measure the 
mean rate of coronary flow and those which measure contmuously the phasic 
changes m the rate of mflow or outflow From the phasic flow curves mean 
rate of flow can also be determmed 

A Mean rale of flow Among the simpler methods for deter minin g mean 
rate of coronary flow is the use of a mechamcal stromuhr or the perfusion of one 
or more coronary artenes at a constant pressure and temperature from a cali- 
brated perfusion reservoir (12) In the former the perfusmg pressure and blood 
are supphed from the aorta and m the latter from a chamber outside of the 
animal The ventunmeter (13), orifice meter (14), and Pitot tube (15) are 
basically the same m operation and record the pressure drop between two 
pomts m the flowmg stream The pressure difference, which is proportional 
to the flow, may be read from water or mercury manometers or may be optically 
recorded by a differential manometer The rotameter (16) has been axtensively 
used to record mean rate of blood flow m both the coronary and penpheral 
circulation Basically, this consists of a tapered vertical tube withm which 
the height of a metal “float” vanes with the rate of blood flow For contmuous 
optical recordmg of flow, a small rotameter (17, 18) has been developed which 
operates m conjunction with an electncal umt There is also one type of 
thermostromuhr (21) that permits optical registration of mean rate of flow m 
cannulated vessels Its operation is similar to that of other thermostromuhrs 
and wfll be considered with them later Mean rate of flow maj' also be measured 
by timing the passage of an air bubble through a glass tube of known length 
and volume (19, 20) Of these devices the rotameter, Pitot tube, and orifice 
meter permit contmuous optical recordmg of the flow changes 
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B Photic changes tn tnslanlancaus rate of flow For the measurement of 
phasic changes in blood flon the tecordmg device is designed to have a rela- 
tively hi^ natural frequency -which permits optical recordmg of the rapid 
fluctuations m velocity of flow (flow pattern) This instrument records the 
instantaneous flow at the point of its insertion mto the blood vessel The 
different lands of instruments have been considered in a previous review (22) 
and hence wiil be only bneflj presented here 

Certain of the phasio flow meters require the coronary perfusing pressure to 
be artificially mamtamed at a constant level, the coronary vessel bemg per- 
fused from a reservoir partially filled -with blood under the desired pressure 
The movements of blood from reservoir to coronary artery (or m the case of a 
coronary vem, from vem to reservou-) may bo mdicated by recordmg the cool 
mg of a heated platmum wire placed m the air m the mouth of the reservoir (23) 
This device is unable to record rapid changes m flow and is also unable to mdi- 
cate penods of retrograde flow (back flow) The perfusion reservoir may be 
closed, blood put under the desired constant perfusmg pressure, and a sensitive 
callhratcd optical capsule used to record the shght drop m c h amber pressure (24) 
The cahbrated slope of the declining pressure curve gives the rate of blood flow 
and the total drop over a period of tune represents total flow This instrument 
has an adequate frequency and records -with no appreciable lag Hoa'ever, 
because of the mamtenance of a constant perfusing pressure, the use of either 
method permits deductions only -with reference to the factors regulating the 
resistance to coronary flow 

Phasio changes m blood flow may also be detenmned by methods in which 
the coronary artery is perfused by the normally pulsating aortic pressure 
Optical recordmgs have been made of the movements of a globule of mercury 
(25) or toluene (28) mterposed m the coronary artenal stream There is con- 
siderable lag inherent in both methods The strOmboiste (27), as yet used only 
m the carotid artery and the aorta, has a high frequency and should have a 
place m the studies of the coronary circulation This device consists of a 
quart! fiber mounted between two electrodes and enclosed m a glass cannula 
inserted between the cut ends of the blood vessel Changes m stream velocity 
cause movements of the fiber which vary the resistance between the electrodes, 
thereby causing a current change through the recordmg galvanometer Of the 
phasic flow meters, the orifice meter (14, 28) has perhaps been most highly 
developed and extensively used to measure phasio flow m peripheral vessels as 
well as m the coronary circulation It was apphed to the study of coronary flow 
with the hope that by an analysia of part or all of the flow pattern, the effect 
upon blood flow caused by cyoho changes m mtmvascular volume associated 
wita volume-elssfac changes and extravasoular compression might be separated 
from the effect of intrinsio vasomotor changes m the coronary -vessels As 
will be mdicated later, this has been only partially rcahied 

All of the aforementioned devices have certam advantages and disadvantages, 
some have supenor techmcal aspects For example, the rotameter, onfice 
meter, and strfimborste permit contmuous recordmg of flow changes All of 
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the instruments hmit flow to a vanable extent and have the disadvantage of 
requirmg their insertion mto the severed vessel of an operated and anesthetized 
dog to which anticoagulants have been given Such procedures must mduce a 
vanable and unknown degree of insult to the cardiovascular system and its 
associated nervous and metabohc mechamsins, hence, the mterpretation of the 
experimental results m terms of occurrences withm the normal animal is neces- 
sarily restncted 

Measuremerd of Blood Flow vnth Iritact Coronary Vessel These methods do 
not require severmg of the coronary vessel and m most instances no anticoagulant 
IS required In some cases flow measurements may be made m the unanes- 
thetized state 

The electromagnetic flow meter (29, 30) is used to measure mean or phasic 
rate of flow As yet it has not been used to measure coronary blood flow Com- 
pared to the orifice meter flow curves, the patterns recorded with this instru- 
ment are somewhat “damped ” This device utilizes the prmciple that an EMT 
IS mduced m the blood stream as it flows through a magnetic field The method 
would appear to be adequate for the measurement of mean rate of flow 

Flow through the coronary vessels as well as other vascular beds has been 
determmed by several t 3 q)es of thermostromuhrs Most of these instruments 
record the temperature difference of two thermal junctions apphed to an un- 
opened vessel when the vessel and blood between them are heated by means of 
high frequency current (31) or m direct current (32, 33) Bennett, Sweet and 
Basset (21) have devised a thermostromuhr onto which the severed blood vessel 
IS tied and through which the passage of blood cools a heated thermocouple 
mounted on the end of a spicule projectmg mto the lumen of the device Schmidt 
and Hendnx (34) first suspected that the thermostromuhr was subject to a 
number of possible sources of error Subsequent extensive tests of this type of 
instrument (21, 35, 36) made tn vivo and in vitro have mdicated that the gal- 
vanometnc deflection vanes not only with the rate of flow but with a variety 
of factors such as the artery used and its degree of stretch, the degree of angula- 
tion of the imit with respect to the artery, the presence of penods of “zero flow” ' 
or retrograde flow (back flow) m the flow pattern, the immediate environment 
as regards composition and movements of mtra- and extravascular flmd near 
the artery, and finally the viscosity of the metered flmd 

The mtroduction of error by the appearance of, or a change m, the amount 
of retrograde flow (back flow) m the flow pattern was found to be of particular 
importance smce flow patterns (28, 37) of all artenes thus far recorded with 
the orifice meter either normally contamed back flow or it could be mduced by 
the administration of drugs or by other procedures The thermostromuhr 
is particularly sensitive to such changes m that when the actual mtra-artenal 
mean rate of flow decreases and short penods of back flow appear m the flow 
pattern, the thermostromuhr mdicates a large mcrease m flow (35) Although 
it would appear to be a very difficult task, it is hoped that ways and means will 
eventually be found to eliminate the gross errors inherent m this method, smce 
it IS the only method of practical design which may be used m unanesthetized 

flTnmnlR 
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MacheUa (38) measured phasic coronatj flow by recordmg the coohng of a 
heated wire threaded through an otherwise intact coronary artery The flow 
pattern is somewhat “damped" as compared to that recorded by the orifice, 
meter and no back flow components are present On a theoretical basis alone 
the instrument would bo incapable of disonminatmg between forward and 
back flow and would bo particularly maccumte at low velocities of flow (21) 

Changes in phaaio coronary flow have been predicted by the so-called differen- 
tial pressure method (39, 40) More recently with the aid of the rotameter, 
orifice meter (41) and constant pressure meter (42) researches have demon 
strated that such a method may not mdioate the directional shifts m flow In 
other instances, directional changes may be correctly mdicated, but the magm- 
tude of the flow change is not even remotely represented While such a pro 
cedure has added to our knowledge concernmg flow determinants it must be 
discarded as an mdex of coronary flow 

Extehuiental brbpabationb Since the time of Starhng much informabon 
has been gamed from expenmental preparations m which the coronary circula 
tion has been studied with the heart m various degrees of separation from the 
rest of the animal These preparations mdude the heart-lung (43, 44, 46, 46), 
the isolated heart with artificial lung (47), and the fibrdlatmg heart (48) In 
general, the expenmental findmga hare been considered sigmficant and apph- 
cable to the normal heart beating tn etlu The chief advantage m usmg such 
preparations is that the several variables such ns penpheral redstance, artenal 
and venous pressures, and cardiac output can be more easdj controlled and 
the coronary flow more easdy measured It is, of course, justifiable to determme 
what can happen with the hope of ultimately learmng more about what does 
happen in the intact animal However, any great hope of success for this 
approach seems mcompatible with the practice of removmg the heart from its 
normal environment, work, and physiologicnl controls and substitutmg an 
artificial sot of new, and, m many instances, highly abnormal conditions There 
are many reasons for behevmg that much of the great bulk of w ork with these 
preparations has only a very limited significanco and has yielded results rather 
far removed from the normal occurrences The apparent confidence that 
artificial regulation of the mechamcal or tangible variables imphes a well con- 
trolled (although abnormal) experiment is not warranted Important unrecog- 
nirod changes can and do occur m the more mtangible mechanisms of physio- 
logical function which mvahdate many of the mterpretations attempted UTien 
compared to studies with hearts beating tn situ and under more nearly normal 
physiological conditions, the contour and values of the pressure curves, the 
coronary A V Oj difference, the volume of coronary mflow, the distribution of 
coronary outflow , and the effects of different vanables upon it, such as changes 
m cardiac output, cardiac load and coronary vom occlusion, are grossly different 

Final judgment as to the vahdity of many accepted conclusions based on such 
experiments must awmt extensive reinvcstigation m which utilization is made 
of preparations inth greater functional similanty to the normal heart In 
any event, the continued preferential use of such preparations does not seem 
justifiable when more nearly normal preparations are now avmlable 
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Studies hai e been made with the exposed heart beatmg in situ m the anes- 
thetized dog, m which the coronary vessels v ere perfused from the aorta, usmg 
many of the devices descnbed previouslj’- This is a closer approach to the 
normal animal, mvohnng less insult to the animal’s onm nervous, metabohc, 
and cardiodjmamic mechanisms Some of the studies presumably mdicate 
with reasonable exactness changes which occur m the normal animal Even so, 
the observ'ataons can be accorded only limited mterpretation 

The ultimate objective is the quantitative measurement of coronary flow 
and the studj^ of its determinants m the normal, unanesthetized animal Un- 
fortunately, no device has, as yet, been developed which is adequate for this 
purpose 

INIeTHODS for estimating nETERMINAN'TS OF BLOOD FLOW CHANGES The 
determinants of coronary flow were mdicated to be the pressure head, viscous 
resistance encountered m transit through the bed, and the pressures m the heart 
caiuties at the end of the flow circmts Changes m aortic or central coronary 
pressure, venous, auncular, and ventncular pressure can be readily detenmned 
by the use of appropnate pressure manometers (49, 50) Viscous resistance to 
flov IS governed for the most part by the mean cahbre of the vascular bed 
Changes m this, the gross vasomotor state of the bed, can be recogmzed under 
certam conditions by correlatmg, as a simple ratio, the mean flow value with 
the correspondmg mean apphed pressure value However, the apphcation of 
such an mdex is limited and should be made ivith caution Such an mdex 
does not take into account viscosity effects which, m a dynamic system, may 
give nse to conaderable vanation m the relationship of mean pressure to mean 
rate of flow, for which appropnate in mvo correction curves are not obtamable 
(28) Nevertheless, the vasomotor state of a bed may be regarded as havmg 
changed when mean rate of flow and mean blood pressure undergo considerable 
change m opposite directions Only partial success has resulted from attempts 
to identify and estimate separately the changes m two important vanables 
w'hich control the cahbre of the coronaiy vessels, namely, extravascular com- 
pression (support) and active vasomotor changes m the vessels mduced by 
nervous and chemical influences upon their mtrmsic muscles 

The problem of detennmmg the magmtude of extravascular support has 
been approached m different ways 1 It has been suggested that mtramural 
pressure may be taken as a measure of ex-travascular compression Phasic 
pressure pulses recorded from withm the myocardium of the left ventncle by 
means of imbedded flmd pockets or arterial segments (51, 52, 53), are greater 
m the deeper lymg myocardium, generally exceed the aortic or ventncular 
pressure simultaneously recorded, and are beheved (51, 52) to approximate the 
correct value for mtramural pressure However, in mvo and in mtro tests have 
shown that the relationship of the recorded mtramural pressure to aortic pres- 
sure vanes greatlj’- with the level of inflation of the segment or pocket and with 
movement or distortion of the segment, and that if a vessel segment is placed 
withm the left ventncular canty the pressure generated withm it may be 2-4 
tunes the mtraventncular pressure Mechamcal protection of the segment 
reduces but does not ehmmate the discrepancies (53) While the use of pro- 
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teoted segmenta may posablj mdicate dirccbonal changes, accurate quontita 
ti\e measurement of mtramural pressure is not possible by such methods 
2 The maximum pressure transmitted durmg systole from tho myocardium 
into a coronary artery, ponphoral to the pomt of temporary occlusion of that 
artery, has been recorded m many dynamic states and has been used as an mdex 
of extravasciilar compression (14) In such a system elevation of the mtra- 
coronary vessel pressure durmg systole is related not only to the external com- 
pressing force of the myocardial fibers, but to the relative fullness of the bed 
and the ease mth ivhich the trapped blood can run oflf penpherallj through the 
capillaries (vasomotor state) In order that changes in extravasciilar com 
pression may be accurately mdicated it is necessary that the vasomotor state 
of the bed and its relative fullness remam unchanged Smee it is not possible 
to control or predict the constancy of these vanables the method is to be dis- 
carded 

As yet unsolved is the problem of deter minin g the relationship of blood flow 
to active vasomotor changes, irrespective of whether the effect on intrinsic 
muscles of the coronary vessels Is mediated through the blood stream or is 
secondary to metaboUc changes m the surroimdmg myocardium As mentioned 
earher, one may be certain of a change m vasomotor state whenei'er mean rate of 
flow and mean central coronary pressure change considerably m opposite direc- 
tions However, it has been claimed that by analysis of phasic inflow curves 
changes m vasomotor state and extravasciilar support can be determined 
Critical points on flow curves have been selected m late diastole and sj’stole 
at which the rate of change of volume elastio and myocardial compression forces 
are presumed to bo mmlmol (14) At tho diastohc pomt extra\ oscular forces 
are at a minimum and the rate of flow reflects the \ asomotor state of the coronary 
bed, at the systoho pomt extravasciilar support is maximnl and the flow is 
said to reflect the combmed effect of myocardial compression and the cxistmg 
vasomotor state (64, 65) At these pomte the ratio of rate of flow to the aunul- 
taneously existing aortic pressure is deter min ed A shift m the diastohc ratio 
is taken to represent active constnction or dilatation of the coronary bed 
Changes m the extravasciilar compressmg force are determmed bi compormg 
the systoho and diastohc ratios Such deductions reqmre the necessary proof 
of the abihty of an mdirect analysis to indicato correctly tho actual occurrences 
Some of the assumptions upon which tho validity of the method must necessarily 
depend are that 1, a period exists m which, throughout most of the my ocardium, 
contraction of the myocardial fibers on the lumma of the whole coronary bed 
IS exerted essentially simultaneously, 2, rates of flow taken at the cnticnl points 
represent flow through the myocardium, 3, rate of flow is Imeor in both systole 
and diastole with respect to pressure Until these are lenfied experimentally 
such u system of mterpretation cannot be regarded ns havmg a sound hydro- 
dynamic basis 

Arterial and Venoue CoUalerals In the study of collaterals the coronary 
artenes may be occluded abruptly or gradually For chrome exiienments an 
artery may be tied off abruptly, but more gradual constriction of the lumen may 
reduce the mddence of ventricular fibrillation, mimmire infarction, and aug 
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ment collateral development The use of adjustable mechanical or osmotic 
clamps or the apphcation of tight-fittmg bakehte rmgs or cellophane bands to 
the artery wdl ultimately lead to complete coronary occlusion (56, 67) Un- 
fortunately, by none of these methods can the time of complete occlusion be 
known, nor can the per cent reduction m flow be predicted even if the extent of 
local reduction m vessel lumen were known As m other vessels, the effective- 
ness of a given locahzed constriction m reducmg flow may be large or small and 
will var}’' m mverse relation to the penpheral resistance of the vascular bed 
and lumen area of the constncted segment and m direct relation to the axial 
length of the constncted area, flow velocity and blood viscosity (58) 

No entu-ely adequate method is available to measure collateral coronary 
blood flow m acute or chrome experiments after occlusion of a coronary artery 
An mdication of mtercoronary collateral development can be demonstrated 
expenmentaUy by measurement of retrograde flow from a severed mam coronary 
branch In acute and chrome occlusion experiments, ivith otherwise normal 
hearts, the retrograde flow of artenal blood is at first small, but this mcreases 
within a few hours, becomes considerably greater 'withm a few days, and ap- 
proximates m da 3 ^ to weeks the preocclusion value for the normal rate of mflow 
to that branch (59) This process is slow compared to that found m other less 
vital body regions Also, following chrome occlusion of a coronary artery, the 
pressure cun'^e recorded m the artery penpheral to the occlusion may approxi- 
mate that m the central coronary arteiy, and gross evidence of development of 
mterartenal collaterals can be shown roentgenographicaUy with the mjection 
of a radiopaque medium (60, 61) If mtracardial sources of collateral blood 
supply are insufficient, extracardial anastomoses also become evident and 
sizable extracardial commumcations can be demonstrated Under the most 
favorable conditions, the major portion of the coronary artenal system can be 
occluded with mmimal or no mfarction m those dogs that survive (66) 

Many dogs do not sunuve more gradual experimental coronary occlusion 
In addition to gross coronary insufficiency, it has been suggested that the 
ultimate cause of death, generally ventncular fibrillation, probably stems from 
small zones of myocardial anoxia which are highly imtable, and is not neces- 
sanly related to a faihng heart or gross coronary flow madequacy Hence, if 
small amounts of blood via collaterals could be made to enter potential “tngger 
zones,” it might prevent ventncular fibrillation and ehmmate scar tissue forma- 
tion through muscle preservation Accordmgly, attempts have been made to 
subsidize the natural abihty of growmg tissue to develop collaterals Apphca- 
tion of vanous tissue grafts have been used to form extracardial commumcations, 
epicardial or pencardial mflammation has been produced to foster mtercoronary 
and ex'tracoronary commumcations through mechamcal or chemical imtation 
(62), or by the mduction of cardiac venous stasis (63, 64, 65) Opinion based 
upon physiological experiments is divided as to the functional r61e played by 
such channels (66, 67, 68, 69) In any event there is a considerable reduction 
m mortahty with all of these procedures, but with venous occlusion no defimte 
difference m the size of infarct can be demonstrated (63) 

DtMnbuhon of Coronary Outflow Direct measurement of coronary venous 
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outfloR m isolated hearts and heart-lung preparations has shown that the 
coronary smus and associated superficial veins emptying near its mouth con 
stltute the major sonous dramage system of the loft coronary artery In such 
preparations the coronary smus flow is taken to represent roughly from 60-66 
per cent of the total coronary mflow m different cardiodynamio states (46, 70) 
Smee Eimplo and accurate methods for measurmg coronary mflow were not 
available, such measurement of smus flow has been widely used (with the heart 
beatmg tn situ) to mdicate quantitative and directional changes m flow Much 
controversy has arisen over the wdidity of this method, but the arguments are 
largely supported by observations made with the heart-lung or isolated heart 
preparation (48, 71, 97, 48, 73) The fact that, with the heart beating in situ, 
coronary smus flow mcreases with elevation of ngbt ventnoular pressure, has 
m the past been taken to mean that coronary venous outflow is merely redis- 
tnbuted between the coronary smus and Thebesian vessels m favor of the 
coronary smus (16) This is offered as an argument against the use of coronary 
smus flow as an mdex of coronary inflow It is more probable that the aug 
mented smus flow is predommantly the result of the mcreased inflow m both 
nght and left coronary artenes which occurs (but was not measured in these 
experiments), especially amce Thebesian flow is much less than previously 
supposed Experiments showing that the mconstancy of the coronaiy sinus 
fraction apphes also with the heart beating in situ have not been reported 
It is probable that a more consistent and reliable evaluation of coronary inflow 
coronary smus outflow relationship could be made with a less artificially con 
trolled preparation which has been permitted to retam a more nearly normal 
state of hemodynamics However, from a pmctioal standpomt the issue would 
seem of Uttlo import smee there are now available adequate and sunple methods 
of directly measurmg coronary mflow m a somewhat more rehable preparation 
From the use of similar preparahoiis (heart-lung and isolated heart) it has 
been claimed that the Thebesian vessels dram most of the right coronary blood 
mto the right ventncular cavity (73), i e , the functionmg of the dramage system 
of the nght heart was presumed to be considerably different from that of the 
left heart (48, 73) It is significant that in such studies it was assumed that all 
coronaiy venous blood not collected in the coronary smus and appearmg m the 
nght ventncle must have come largely if not entirely from the Thebesian vessels 
In a recent paper Kats el al. (74) reported a remvestigation of the problem m 
which the coronary venous dramage into auncles and ventncles was separated 
by an instrument made to expand m umbrella like fashion at the level of the 
A-V vail es A considerable drainage into the right ventncle w as agam found 
and regarded as evidence that “a significant nght ventncular Thebesian dram 
age occurs — which is an important element in coronary drainage ” It would 
seem extremely haiardous to attach particular physiological importance to this 
finding smee 1, it was apparently not noted what effect, if any, the presence of 
the instrument had upon the outflow from the antenor cardiac veins, the mouths 
of which open just supenor to the rmg of the tricuspid valve, and 2, the expen- 
ments were performed by perfusion of serum-salmo mixtures through the coro- 
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naiy vessels of an excised, non-beating lieait, which conditions do not retain a 
reasonable similanty to those of a hvmg, beating heart, still exercising its normal 
function m the animal 

Recent work has demonstrated that with the heart beatmg in sUu, the venous 
dramage of the nght coronary artery is largely by way of the superficial antenor 
cardiac veins to the nght atnum, under both normal and altered dynamic 
states The functional importance of these vems had been virtually ignored 
by previous mvestigators Experimentally, the direct cannulation and measure- 
ment of flow m only the major antenor cardiac vems has permitted recovery of 
from 60 to 92 per cent of the blood entermg the nght coronary artery (In 
addition, a certam fraction of blood from the latter drains mto the coronary 
smus ) These percentages are considered minimal, since for technical reasons 
no attempts were made to measure the outflow from the smaller antenor cardiac 
vems, the nght auncular vems, and the many small vems of the nght ventncle 
emptymg mto the great cardiac vem, all of which constitute channels of uxit 
for blood supphed to the nght heart by the nght coronary artery (7) These 
findmgs m the beatmg heart make completely untenable the conventionally 
accepted behef that nearly all or even most of the nght coronarj’" inflow drains 
by way of the Thebesians mto the nght heart Most of the coronary venous 
blood from each heart appears to dram by way of its own system of superficial 
vems It follows that the studies of cardiac venous chatmels, flow partitions, 
and Thebesian dramage, which have been made m the past without measure- 
ment of flow m the antenor cardiac vems should be subjected to a cntical 
revaluation before their associated conclusions can be accepted 
Luminal Vessels and Their Function Histological studies, mcludmg senal 
sections, reconstructions, dye mjections and perfusion experiments of the 
isolated heart (2) have been used to demonstrate the presence and distnbution 
of Thebesian and luminal vessels through which the coronary vessels com- 
mumcate with the atnal and ventncular chambers of the heart These chaimels 
are much more abundant m the nght ventncle As already mdicated, expen- 
mental studies m the beating heart in situ suggest that these l umin al vessels 
may function m only a limited fashion m the undisturbed normal heart and to 
an extent very much less than previously mamtamed Actually, although 
many experiments have been devised to determme if, when, m which direction, 
and to what extent blood flows through these channels, none has been sufficiently 
conclusive to justify more thxm a speculation as to whether they ever function 
m the normal heart beatmg in situ The cntical objections to most of the 
experiments can be resolved mto either 1, the false assumption that aU coronary 
venous blood entermg the nght auncle and nght ventncle exclusive? of that 
entermg from the coronary smus, has its ongm m the Thebesian vessels, thereby 
Ignoring the considerable venous flow from the antenor cardiac vems, and/or 2, 
the establishment by artificial mampulation of decidedly abnormal pressure 
gradients between the coronary vessels and chambers of the heart for the purpose 
of demonstratmg what are imphed to be the normal physiological magmtude 
and directional changes m Thebesian flow 
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It 13 of interest to examine the possible r6Ie of the Thebesian and luminal 
vessels m hearts m which either the coronary artcnal or cardino venous system 
IS insufficient It is conceivable that the luminal vessels could be important, 
particularly if thej could sene as artenal channels from the loft ventnole to 
the mjocardium dunng left coronary artery occlusion or as venous channels 
for the whole myocardium m the presence of extensive superficial vem occlusion 
Known observafaons are oonfhotmg and any oonclusion is difficult Regardmg 
the first situation, with temporary functional eepamtion of one or all coronary 
artenes from the aorta, no blood flow from the ventricles mto the coronary 
artenes or superficial venous system could be demonstrated and the hearts did 
not survive (9, 76) Essentmlly complete occlusion of the coronary artenes m 
humans has been found at autopsy (76) but the presence and extent of develop- 
ment of ertracardial artcnal collaterals was not recorded When dye is m 
jected mto the nght ventnole m acute experiments, extcnsivo capillary mjection 
occurs if nght ventneulor pressure is artificially made to exceed left ventncular 
pressure However, the antenor cardiac veins were not excluded as a vascular 
portal of onto for the dye (77) Regardmg the second situation with acute 
closure of all grossly vasible antenor cardiac veins or the coronary smus, no 
great reduction in nght or left coronary artery flow is usually observed The 
heart, following the acute closure of both the coronary smus and antenor cardiac 
vems, becomes exceedingl} hcmorrhagio and tends to become progressively 
weaher, although such hearts maj survive up to two hours Dogs m which 
both superficial venous sjstems have been chromcally occluded m a two-stage 
operation have sumved for a penod of months This is suggestive evidence 
that all venous dramage occurred by way of lummal vessels However, that 
significant dramage occurred through such a route could not be venfied, smee 
at postmortem examination these hearts exhibited numerous superficial cardiac 
vems of considerable sue w hich were not previously evident, and several large 
extramyocardiol venous anastomoses, the aggregate cross-section of which 
might well have been adequate for the venous dramage of the entire heart (9) 
Until such mtra and extracardial artenal and venous collaterals which appear 
■with coronary artenal or venous hgation have been successfully removed or 
otherwise excluded as flow channels, a statement as to the utihxation of Thebesian 
channels m diseased hearts is not warranted 
Raponsa oj Coronary CtnmlaUon to Axigmmtcd Load Of particular mterest 
has been the subject of the coronary flow response to changes m the worlong 
load of the nght and left hearts In experiments with the heart-lung and 


comparable preparations (but excludmg those m which the vagi are mtact),. 
elevation of nght v entncular pressure by constnotion of the pulmonary artery ^ 
or elevation of left ventncular pressure by aortic constnetion (coronary pei^ 


fusing pressure hept constant) has been demonstrated to cause a reduction m 


blood flow to the myocardium of nght and left hearts respectivolj (78, 79, 80) 


The flow decrease is attnbuted to the dominant effect of the direct meohamcal 


inhibitive action of the mcreased ngor of the heart and/or tlic establishment of 
an unfavorable pressure gradient, especially for the nght coronary artery drain- 
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age Via the Thebesian channels into the nght ventncle Such a response would 
seem to be one of poor economy and certamlj’’ ivould not be advantageous to 
the heart when under an mcreased load However, m recent studies with the 
heart beatmg tn sUu and imder more nearly normal physiological conditions, 
with vagi and sympathetics mtact or severed, directly measured nght and left 
coronary inflow mcreased appreciably upon elevation of nght or left ventncular 
pressure (81, 82) In both instances cardiac venous outflow m both the coronary 
smus and the antenor cardiac veins mcreased greatly (83) Measurements 
of cardiac output and 0* consumption m the presence of an augmented load 
have demonstrated an mcrease m work and metabolism of the respective ven- 
tricles Under these conditions and m consideration of the mcreased coronary 
flow, the two ventncles have at their disposal a compensatory means by which 
their blood supply can, at least m part, be adjusted to their work and metabohc 
requirements Although the exact mechamsm for the flow mcrease could not 
be identified with certamty m these experiments, it seemed probable that the 
coronary dilatation arose from an mcreased local production of metabohtes 
and/or the creation of local relative anoxia due to the mcreased oxygen utihza- 
tion The sustamed flow mcrease is taken to mdicate a dominant influence of 
coronary dilatation over the mechamcal flow mhibitmg effect of an mcreased 
extravascular support As already mdicated these results are diametncally 
opposed to those of other mvestigators usmg less normal phj'siological prep- 
arations 

While an mcrease m coronary flow is the net response to mcreased cardiac 
work, it can be shown to be antagonized by a flon-hmitmg mechamsm (81) 
If, m the presence of an adequately mamtamed central coronarj’- pressure, the 
pulmonary artery constnction and release is abrupt, the sustamed flow mcrease 
^ descnbed above may be preceded and followed by a tiansient penod of flow 
reduction and elevation respectively, whose beginnmgs are comcident with the 
time of sudden constnction and release of the pulmonary artery The abrupt 
changes m coronary flow comcident with the onset of elevation and reduction 
m ventncular pressure are regarded as mdications of a temporary separation 
of the influence of change m extravascular compression upon coronary flow 
This conclusion is made with reasonable justification smce the mcrease or de- 
crease m mechamcal compression of the coronary vessels should occur simul- 
taneously with the mcrease or decrease m mtraventncular tension, while the 
slower physiological metabohc and vasomotor responses must necessanly lag 
somewhat behind their respective excitmg causes, t e , the sudden changes m 
cardiac work The imtial decrease m flow can be attnbuted to the dommant 
influence of augmented extravascular mechamcal compression of the coronary 
vessels The transient flow mcrease foUowmg abrupt lowenng of mtiaven- 
tncular pressure is a rough mdex of the extent to which flow had previously 
been retarded by the augmentation of extravascular compression 

If such experiments are mtentionally prolonged (4-5 hrs ), the nght coronary 
flow response to pulmonary artery constnction is reversed and ultimately a 
sustamed decrease m flow will be observed foUoti ed by a return to the control 
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level upon release of the pulmonary artery Thus, m the latter stages of an 
experiment dunng which the condition of the heart tn tiiu has progressively 
become far removed from normal, the flow reducmg effect of mcreased 
extravascular support is dommant over whatever flow promoting meohanisfn 
the heart has retained. As measured under these conditions and b> others 
iiping heart-lung preparations, a decrease m coronary flow oarmot bo regarded 
ns the “normal” response to an mcreased cardiac load 
In the foregomg it was mdicated that the coronary flow response to an aug- 
mented resistanoe load is the same for right and left hearts In all types of 
heart preparations central ooronary artery pressure elevation per se is an effective 
means of mcreasmg left coronary inflow Hence, in those instances m which 
the aorta was constncted penpherai to the coronary ostia, the blood supply 
of the left heart was additionally moreascd by the elevated central coronary 
pressure For this reason the left heart will operate at an advantage over 
the nght heart m its abihty to function with an mcrease in resistanca load 
An mcrease m the venous return to the heart beatmg tn situ augments the 
coronary flow only mildly when aortio pressure is unchanged and to a much 
greater extent when the aortic pressure is permitted to rise (41) Here, as with 
mcreased rcaistauce loads, the mcreased coronary flow presumably results 
from augmentation of cardiac metabolism and its associated dilator mechanisms 
More recently Kata et al (46) have concluded that the coronary flow moreases 
with augmented cardiac output The explanation advanced is that the ooronary 
vessels are passively dilated and their resistance to flow decreased as ameohamcal 
adjustment to mcreased cardiac work and energy expenditure. This concept, 
at present, lacks the necessary explanation of the physical mechanism by which 
an increased cardiac output without an increased aortio pressure can of itself 
cause passive mechanical dilatation of the coronary bed 
fTow PaUems Phasic flow curves have been recorded with the orifice meter 
m the coronary artenes and most major penpherai artenes under a great vanety 
of dynamic states It is desirable to know to what extent such curves may 
represent events m the coronary bed withm the myocardial walla For the 
peripheral flow patterns a method of analysis and mterpretation has been pre- 
sented, by means of which the probable determmants of, and their interrelated 
influences upon, phasio rate of inflow were discussed (37, 84) The ooronary 
flow patterns are more complex In expenmenta with anesthetised dogs, left 
coronary flow patterns show flow peaks m systole and early diastole separated 
by short penods of reduced rates of flow or back flow during the isometnc 
contraction phase, late systole, or early diastole (14, 22, 86) The right coronary 
flow pattern is not grossly dissimilar (82) The effects on the flow pattern of 
changes in blood pressure, heart rate, resistance load, of cardiac nerve stimuia 
turn, valvular deficiencies, and vasomotor drugs are multiple and have been 
separately reported (22, 41, 64, 66, 82, 86, 86, 87, 88) Unfortunately, the 
analytical approach for peripheral patterns does not encompass all the factors 
which comprise the determinants of coronary flow patterns In this case a 
comparable analysis is not posdbie because venous outflow is markedly pulsatile 
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and the artenal flow pattern, is greatly influenced by compression and relaxation 
of extrinsic ongm (extravascular support) A method of analysis usmg cntical 
pomts on the flow curve has already been considered It is beheved that no 
adequate system of analysis is as yet available for coronaiy flow patterns 
Drugs Drugs may be effective m changing the myocardial blood supplv 
through alteration of the blood pressure and/or the vasomotor state of the 
normal and collateral coronaiy vascular channels Certam of the drugs m 
addition alter blood flow by modifymg the vigor of cardiac contraction 
Through lack of adequate methods great confusion still exists as to the mech- 
anism of drug action, and m most instances no defimte statement can be made 
Pitressm decreases coronary flow by all methods of study and constncts the 
coronary bed, t e , flow decreases m the presence of an mcreased central coronary 
pressure (66, 87) It is beheved that this drug acts by direct effect on the 
coronary vessels, biit a decrease m cardiac metabolism and Augor of contrac- 
tion has not been ruled out as the cause of the flow decrease 
The flow response to the xanthmes.and mtntes is similarly consistent by aU 
methods of study (64, 87, 88) The conclusion is mescapable that this group 
of drugs exerts a dilatmg action on coronary vessels, i e , coronaiy flow mcreases 
m the presence of a normal or reduced central coronary pressure A similar 
flow response occurs with papaverine when mjected either mtra-artenaUy or 
mtravenously m dogs (89) Whether these drugs directly affect the vessels 
or cause the flow alteration by mducmg cardiac metabohc changes is not known 
In most preparations mcludmg the heart beatmg tn situ epmephtine mcreases 
coronaiy flow (66) There is also an associated mcrease m vigor of contraction 
and cardiac metabolism The flow mcrease may be regarded as the net effect 
which results from an augmented extravascular support, tendmg to reduce flow, 
a metabohc dilator effect tendmg to mcrease flow, and whatever direct dilatmg 
effect the epmephrme may have at the time on the coronary vessels It is 
difficult to determine the respective magmtude of each separate effect Re- 
garding its dilatmg effect per se on the coronary vessels, evidence is conflictmg 
Green et al (66) found that foUowmg injection of epmephrme mto the left 
coronary artery, the coronary flow mcreased simultaneously with elevation of 
blood pressure and mcreased vigor of contraction, while Shipley and Kohlstaedt 
(89) mdicate that this is preceded by a transient penod of flow mcrease without 
change m blood pressure This mitial flow augmentation rmght then mdicate 
a direct dilator action on the coronaiy vessels although, even here, an early 
metabohc influence cannot be ruled out 
Nervous Influences The control of the coronary circulation by parasympa- 
thetic and sympathetic nerves has been a subject of much study The nerve 
supply to the heart is abimdant although the anatomical separation of the two 
systems is somewhat difficult, particularly withm the heart Wollard (90) has 
reported the presence of nerves, the termmal filaments of which pass among the 
muscle fibers and withm mdividual muscle cells, and Nomdez (72) has shown the 
presence of parasympathetic fibers endmg m the myocardium of the auncles 
and ventncles These findmgs suggest the possibihty of nervous control over 
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myocardial contraction The abundance of nerves found m prommity to or 
endmg on the coronary vessels unphes a probable vasomotor function. 

For the most part the nenous Influences on the coronary circulation have 
been studied by observing the coronary flow responses following electnoal 
stimulabon or severance of the nerves Although such procedures are not 
paralleled by normal occurrences m the animal, the observed responses are 
presumed to mdicate the functions which the nerves are capable of erercismg 
in the mtact animal Further difficulty in mterpretation results from the fact 
that the specific effects upon the heart muscle and on the coronary vascular 
system are experimentally inseparable and only the net effect may be observed 
Differences m methods and preparatioos are additional variables which may 
account for the discordant results of different mvestigators 

The vagus and sympathetic nerves are reported to contam both dilator and 
constrictor fibers according to different mvestigations (of reviews by Wiggers, 
and McDowall (91, 92)) In general the so^ialled inhibitor and constnotor 
fibers are said to predominate m the vagus while the dilator and accelerator 
fibers are found m the sympathetio nerves The evidence for the constnetor 
effects has usually been the observabon that abohbon of the parasympathebc 
pathways (by mechanical or ohenucal means) results m an augmentabon of 
heart rate or coronary flow (43) The normal presence of a tonic constnotor 
and inhibitor aobon is therefore impUed 

Studies of aobon potentials and the effects of faradic sbrnulabon of the 
sympathetio nerves to the heart mdicate that they probably funebon m main- 
taining and augmenting the rate and vigor of the heart beat (Cf 86, 93, 94, 
95 ) Although coronary flow moreases with sympathebo sbrnulabon, the work 
and metabolism of the heart are also mcreased to such a degree that the accom 
panymg coronaiy ddatation could be attributed to the mcreased local produo 
tion of metabohtes (96) 

Kats and Jochun (96) have used the fibrillntmg heart m order that changes 
m blood pressure, vigor of cardiac contracbon, and other variables could bo 
excluded and purely vasomotor responses observed Their results are not 
conclusive evidence for the existence of a direct sympathebo vasomotor influence 
inasmuch as an moreaso m vigor of fibnllaiy contracbon and cardiac metabolism 
was not excluded as the primary response which could secondarily give rise to 
vascular ddatabon 

It would seem most difficult to establish and identify concluaivel} by experi- 
mental means the separate effects of nervous influences upon the myocardium 
and coronary v'essela because the physiological functions of these structures 
are so mbmately related that their individual responses may bo secondarily 
modified, each by the other 


COIOIENT 

The cardiovascular organs form a highly specinliied system m which I he 
coronary circulation plays a smgularly important, although mdirect, rAlo in 
mamtaimng the organism m a normal hemodynamic state This fact alone 
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has amply justified the numerous studies of the coronary circulation and should 
contmue to stimulate many future mvestigations 

In the present paper no attempt has been made to organize a comprehensive 
review of all work done m the field and many topics of limited academic mterest 
have been omitted In addition, the scope of this paper does not permit the 
thorough consideration of mdividual topics which may be found m separate 
reviews On the other hand, more emphasis has been placed upon the significance 
of studies with respect to their importance m reveahng ph3^ological occurrences 
which may have a parallel in the normal animal or human 

Because of techmcal difficulty and, more often, because of the impossibihty 
of makin g duect and positive observations of the dynamic occurrences m the 
heart, the mvestigator must often accept the alternative of observmg the re- 
sponses to variables mtroduced m an experimental preparation which is con- 
siderably removed from the normal state Except for the anatomical studies 
the reported observations dealmg with coronar}’- flow, its minute volume, dis- 
tribution and ultimate dramage, its response to drugs, nervous and humoral 
influences, to changes m aortic pressure, penpheral resistance, cardiac output, 
cardiac work and metabolism, aU are significant only m that they necessarily 
apply to the preparation and conditions under which the observations were 
made All too often the results obtamed with a decidedly abnormal preparation 
ultimately come to be regarded as events which can and do occur m the normal 
animal or man 

Various concepts concermng the coronary circulation have frequently been 
revised as new and improved instruments and preparations have been developed 
Much of what has been reported m the past should be discarded as more accurate 
methods are used for makmg the same ph3mological studies Observations 
/ made m the open-chest, but otherwise mtact dog, must certamly be as cau- 
tiously mterpreted as those made with any other preparation However, with 
the use of accurate methods and instruments, and m experiments of short 
duration the uniformity of the results suggests that such a preparation may 
approach the normal state of the animal somewhat more closely than many 
other preparations that have been used Until better instruments and methods 
are devised and used m conjunction with preparations which are capable of 
normal physiological responses, our knowledge concermng the normal and 
abnormal functiomng of the coronary circulation will be necessanly lumted 
as well as unavoidably mexact 
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Advancemente in knowledge of vlnia dlsesae and of cancer had thorou^ily 
prepared the ground for leukemia research so that during the third decade of 
this century mvestigators m different parts of the world discovered mdependently 
that leukemia of Tnamieslw is transmissible Ihe causation of chicken leukosis^ 
by a filterable agent had already been known (24) and studies of avian leukoels 
disclosed numerous facts on the nature of the agents causmg leukosis which 
proved to bo variants of chicken tumor viruses However, as knowledge 
advanced a gap appeared between avian and msTTiTTifiliftTi leukemias and it 
seemed that the solution of major problems of human leuk em ia would come 
from studies of this disease m mammals in which leukemia appears to be neither 
mduced nor transmitted by virus. Recent research with plants, protozoa and 
animalfl disclosed the eioBtence of transmissible oytoplasimc agents determining 
the character of cells. Physiological and pathological changes m cells are now 
viewed together as alterations of the aame mtrmsio cellular mechanisms which 
determine the character of the cell (19, 47) Avian leukosis, which readily 
yields a cytoplasmic agent modifying cells, may yet become the object of funds 
mental research 

The basic change m leukemia is an alteration m the cell with acquisition of 
properties of a cancer cell mcludmg partial or complete indejiendence from 
factors regulatmg growth and differentiation of normal cells The ease of mduc 
tion of this change OeukemogenesiB), the development of relatively homozygous 
strains of mice in which this change seems inevitable, the isolation of hnes of 
transmissible leukemic cells of different types, bave laid the foundations of 
modem research on mammaimn leukemia 

Historical aspects of these developments and their earlier phases have been 
well reviewed (26, 86, 32, 90, 38, 33b, 88, 60b, 17), and this review surveys only 
researches of the last few years To introduce these, it seems desirable to 
recapitulate conclusions of earher observations 

RAsuicfi OF EAULiEH WORK Leukemia of mammals can be transmitted bj 
mahgnant Oeukemic) blood cells which proliferate m any genetically compatible 
new host, retaimng then- essential character, and brmgmg about the death of 
the host 

The type of leukemia is determmed by the character of the leukemic cell, the 
site of malign a n t change and the resistance of the host. The same Imo of leu 
kemic cells may form tumorJike masses (lymphosarcoma or myelosarcoma) or 
systemic disease with no tumors, dependmg on the portal of entry (site of ongm) , 
the degrees of abihty to form tumois or invade the blood stream are inherent 
charactensUcs of malignant blood cella 

1 Term projioeed by EUennann to iaolude all types of leukemia 
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Strains of mice have been developed by contmued brother and sister matmgs 
m which the mcidence of leukemia is fairly constant (high, medium or low) 
and IS characteristic of the stram This mcidence is determmed by genetical 
factors, modified by such nongenetical influences as acquired through the 
foster mother, calonc mtake, etc If powerful, hereditaiy or extrinsic factors 
alone seem capable of producmg the disease 
Avian leukemia does not behave as a contagious disease yet it can be trans- 
mitted by cell free agents Some agents produce leukemia, others sarcoma and 
stdl others may produce both Myelo- and erythroleukosis are easily trans- 
missible and one agent usually produces both Only a few cases of lymphoid 
leukosis, which is one of the most common diseases m chickens, proved trans- 
missible Under usual conditions of laboratory passages the range of activity 
of an agent does not change 

What are the hereditary factors, what is the magmtude and character of 
maternal, hormonal, nutntional and other influences which detenmne the 
mcidence of leukemia, what is the change that takes place when a nonnal cell 
turns leukemic, and given such cells what are the forces that mfluence their 
growth, were the major topics of recent mvestigations on leukenua of mammals 
What IS the nature of the agent of avian leukosis, the cause of the common 
avian lymphomatosis associated with paralysis and to what extent can a virus 
be changed, were the major problems of avian leukosis recently mvestigated 
Nomenclature The term leukemia or leukosis imphes neoplasia of a blood 
cell (hemoblastosis) mcludmg both the aleukemic and leukemic types of the 
disease Lymphosarcoma is used to designate tumors formed by lymphocytes, 
myelosarcoma for those of myelocytes, these are regarded as tjqies of leukemia 
The suggestion to name leukemic blood cells mahgnant lymphocytes or myelo- 
cytes found wide acceptance It should be considered whether a prefix “mal” 
for mahgnant or “neo” for neoplastic would not simplify nomenclature (e g , 
neolymphocyte) Leukemogenesis is the process resultmg m the development 
of leukemia Leukemogens are agents producmg the leukeimc cell Bioassay 
for leukemia is the detenmnation of the presence of mahgnant blood cells by 
the mjection of the cell suspension mto animals highly susceptible to the cells 
to be assayed, at an age when they are free from leukemia 
The genesis of leukemia Many factors co-operate m the causation of 
neoplasms The ever present modifymg factor is the genetic constitution of 
the host Nursmg conditions, hormonal activity, nutntional state and other 
factors inherent to life are leukemogemc influences of varymg mtensity 
Furthermore, organisms are subject to accidental exposure to chemical, physical 
and other agents which may be powerful leukemogens These factors are 
mterrelated, e g , different agents can cause the same nutntional deficiency 
Vitamins may affect neoplasms through mduect effect on endocnne organs (12a) , 
one agent may enhance or depress the action of another 
The study of these influences requires the use of several mbred strains of 
ammals because of genetic differences m response to given stimuh, e g , the 
C3H mice are susceptible to the mduction of leukemia with estrogens but not 
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to that with inethylcholanthrene and the reverse is true for mice of the 
F strain (02d) 

Hardily The fanuHal occurrence of leukemia in animals has been shown 
to be due to genetic factors By contmued brother and sister mntmgs relatively 
homosygous strains of mice have been developed in which a hi^ percentage 
of the animals die of spontaneous leukemia Non leukemic males and females 
of such strains, mated with each other, yield mice with the same liabihty to 
leukemia as leukemic males and females, indicatmg the significance of non 
hereditary factors even in nuce with hereditary liability The fact that a certam 
number of mice of a hi^y mbred stram fails to develop leukemia may be 
explamed in the opinion of R R. Oates (40) by the eonceptions of penetrance 
or by Heisenberg’s principle of mdotcrmmanc> An illustration of the latter 
IS radium decay which proceeds at a fixed rate regardless of cxtnnsio conditions, 
althou^ it cannot be predicted which atoms will break down at a given time 
Bo, m homosygous strains, only a certam number of mice iviU develop leukemia 
at a given age even if environmental conditions are identical (40) 

Such hit^i leukemia stmma of mice are a, C67 of MacDoweU with an expres- 
sion of leukenua of about 90 per cent, b, our Ak strain with about 70 per cent, 
and c, Strong’s F stram (62a) with about 60 per cent of leukemia These 
figures are approximate There is some variation m different batche of the 
same strain due to non genobc modifymg factors (80a, 81b, 18) In our Ak 
mice the figures vary from about 60 to 80 per cent, they are usually low when 
intercurrent diseases are prevalent and high when they ere absent 

In hjhnd mice between high and low leukemia strains not only is the mcidence 
of leukemia lower than m the high leukemia stram but the onset of the illness is 
maricedly delayed 

In mice of the high leukemia stram spontaneous leukemia usually occurs 
when the mice are about 0 to 9 months of age When leukemic cells are mtro- 
duced mto immature mice they produce leukemia rapidly, hence, young animals 
are excellent objects for the identification of malignant blood cells, a test termed 
bioassay FI hybrids between hi^i and low leukemia strains are usually 
susceptible to grafts of leukemic cells onsmg m theu- parents even though they 
ore but shghtly or moderately liable to develop spontaneous leukemia Bio- 
assays mdicate that the leukemic cells are not present at birth m normal mico 
of a genetically susceptible strain and that the malignant change precedes 
shortly the onset of leukonua (84 b, 98) 

Cohnheim’s theorv that neoplasnos ongmate in cells misplaced durmg embryonal 
life or in cells remaining in their normal sites but so constituted as to become 
malignant after a given age, or in cells that are perhaps mahgnant at birth 
but are restramed until conditions favor their multiplicafaon, has been revived 
by Fischer Ho mvestigated the genesis of carcinoma of the breast, a neoplasm 
that arises in an organ undeveloped at immature age The sequence of changes 
IS particularly conspicuous m male animals, first, the development of breast 
tissue followed by hyperplasia, which under mtensified physiological stimulation 
maj go on to neoplasia at multiple sites, particularly when the "milk agent’’ 
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IS earned by the mouse Thus cancer may arise m cells that are non-existent 
before the stimulus produemg it is apphed 

The tools of genetic studies are the mbred strains The mode of inhentance 
of leukemia vanes with different strains and the negative influence from the 
low leukemia stram is as important as the positive influence from the high 
leukemia stram A hi^ leukemia stram crossed with one low leukemia stram 
(Ak X Ef) may yield few leukemias while the same high leukemia stram crossed 
with another low leukemia stram (Ak x C3H) will 3 aeld many leukemias (37) 
The genetic influence of the low leukemia stram Rf is so strong that m the first 
back cross generation to this stram the mcidence of leukemia is almost as low as 
m the low leukemia stram The mcidence of leukemia m Fl hybnds of the F 
stram with several low leukemia strains is about as high as m the F stram (60) 

Mercier crossed a high leukemia stram (with an expression of leukemia of 
49 2 per cent) to a low leukemia stram and none of the Fl hybnds developed 
leukemia, leadmg to a conclusion identical with that of Slye (103), that leukemia 
IS mhented as a recessive character In the F2 hybnds leukemia reappeared 
However it is possible that the same high leukemia stram crossed to another 
low leukemia stram (e g , C3H) would 3 aeld a hi^ percentage of leukemic mice 
Indeed, it is possible that the hybnds of two low leukemia strains will yield 
many leukemias What matters is the combmation of genes, and what this 
will yield m terms of leukenua only a test can tell 

Surveymg the reported data on two sets of crosses MacDowell et al conclude 
that the proportion of leukemias is a mathematical function of the total heredity 
from the high leukemia stram In crosses C58 x StoLi, the function appeared 
to be directly anthmetical (81b) In crosses of Ak x Rf the function was 
semi-loganthmic with the loganthm of the percentage of leukemias varymg 
with the proportion of high leukemia heredity (18) This difi'erence may, m 
their opmion, be due to extrmsic variables and with the number of such variables 
unknown such experiments do not define the number of genes responsible for 
the parental influence (81b) The mere appearance of a neoplasm m an animal 
or the frequency of neoplasms m an mbred stram is no mdication of mtnnsic 
tendencies The imique characteristic of genes is their assortment m cross 
breedmgs (82) 

The complexity of the genetic basis of susceptibihty to leukemia is illustrated 
by the second back cross test of MacDowell et al (81b) for detemuners of 
spontaneous leukemia In the Fl generation, theoretically aU mice are 
genetically alike but m the back cross generation the number of different geno- 
types mcreases with the number of genes mvolved m the character studied 
If one or two major genes were mvolved m susceptibihty to spontaneous leu- 
kemia, then there would be only two or four different genotypes with respect 
to leukemia among the males from the first backcross generation The data 
mdicate that the males of the first backcross generation were of many genotyjies 
and this is m agreement with the h 3 TJothesis that spontaneous leukemia depends 
for its development upon many genetic factors The differences m the results 
of vanous workers can be explamed by gemc differences among the strains used 
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and by the many unknown extnnsic variables Environmental factors modify 
the expression of genetic tendencies and different types of leukemia may have 
different genetic bases (18) 

An admirable analysis of the numerous variables mother’s age, strain of 
nurse, sex, hair color and longevity m the same matmg combinations, is con 
tamed m the recent paper of MaoDowell et al (81b) Longevity itself is 
influenced by the genehc constitution of the father, by the partuntion age of 
the mother, by the stram of the nurstog femaie and by the sex, each influence 
actmg differentlj (81b) 

The evidence that genes are a strong influence on the meidence of leukemia is 
conclusivo but it is unknown how many genes are mvolved and how they exert 
this effect Expcnments to be described below suggest that the leukemic 
cell IS not inherited as such and that the malignant transformation takes place 
m certam loci durmg life If one considerB that differences m response to leu- 
kemogemo agents often do not parallel differences m liabihty to spontaneous 
leukemia and that susceptibihty to one agent does not mdicate susceptibility 
to another agent it becomes clear that we are for from knowmg the rdle of 
heredity to spontaneous leukemia 

Data available on the heredity to leukemia m man are meagre and moon 
elusive The heterosygocitv of the human population and strong mfluence 
from non leukemic parents maj mask genetic tendencies The occasional 
appearance of this disease m infancy certninly mdicates a congemtal if not a 
genetical foctor 

A maJtmal influence in the occurrence of leukemia is indicated by the moi 
dcnce of leukemia m reciprocal matings 
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The existence of a maternal influence led to a search for a milk factor s imilar 
to that of Bittner’s milk agent Foster nurtong by low leukemia dams reduces 
the incidence of leukemia m the high leukemia stram to about one-half but 
mice of a low leukemia stram nursed with hi^ leukemia strain dams do not 
develop leukemia This lowenng of the incidence of leukemia cannot be ex- 
plained by failure of the mice to reach the leukemia age (2, 33o) since mice 
fostered by low leukemia stram mothers hvo on the average longer than those 
fostered by their own mothers If C3H dams, which carry a strong milk factor. 
















62 


J FIXBTH 


are 'used for foster nursmg high leukemia stram mice, the latter will develop 
mammary gland carcmoma while the C3H mice will not develop leukemia The 
mcidence of leukemia m F imce fostered by low leukemia stram mice was lower 
(28 per cent at 500 days) than m unfostered mice (38 per cent at 600 days), 
the reciprocal foster nursmg did not produce leukemia m the low leukemia 
stram mice (62c) 

Thus nursmg influence for leukemia, unlike that for mammary gland car- 
cmoma, IS not transmitted to offsprmg yet it may be related to the virus-hke 
milk factor for mamm ary gland carcmoma If this agent is conceived to be a 
vims, it IS subject to reactive forces of the host which maj’’ mask its existence 
as IS the case with the virus of Shope (cf Rous) 

The supenonty of a stram (“B alb”) m nursmg has been demonstrated by 
MacDoweU et al (cf 81b) m terms of body weight, tail length and lengthenmg 
of life This effect is greater m males and is gradually lost durmg nme months 
In MacDoweU’s experiment (81b) the nurse stram influence appears to be due 
primarily to the accidental presence of certam sex hnuted non-leukemic condi- 
tions shortenmg hfe This does not seem hkely m our experiments (33c) 

The parturition age of the mother is a strong modifier of genetic factors 
The mcreasmg parturition age of the mother progressively delays the appear- 
ance of leukemia (81b) Thus, youngest mothers reveal more accurately the 
potential leukemics The nature of this phenomenon is not known Chemical 
and physiological changes occur with mcreasmg age The influence might be 
imparted to the young through the egg cytoplasm or through the placental 
circulation, or through the first milk (81b) It may be related to the nursmg 
influence discussed The placenta is no bamer to maternal hormones or to 
agents of the size of viruses — though the milk "virus” does not seem to pass 
through the placenta Immunization of the mother against substances m the 
fetus IS mtensified durmg subsequent pregnancies as mdicated by observation 
on the Rh factor Is a similar neutralization phenomenon operative against 
the hypothetical agent producmg leukemia or do the factors causmg leukemia 
begm to operate durmg embryonal life and dechne m mtensity with advancmg 
tfge of the mother? 

The observations described mdicate that susceptibihty to leukemia is at its 
peak when the high leukemia stram mouse is nursed by its mother and she is 
young when she nurses 

Sex and sex hormones A sex factor is operative m most strains of mice 
Data tabulated by Cole (18) show that m most strains females have a higher 
mcidence of leukemia than males It is remarkable that m man the reverse 
IB true, the ratio bemg about 2 1m favor of males 

This sex difference is small m mice, and may not be statistically significant, 
as m the recent experiments of MacDoweU et al (81b) These workers explam 
the higher mcidence of leukemia among females in their experiments by the 
greater longevity of the females They suppose that females resist certam 
factors that shorten the hfe of males and m so domg permit more of the potential 
leukemics to develop leukemia (81b) Mortality curves m other strains mdi- 
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cate however that most males surnve their leukemio sisters In view of the 
unquestionable leukemogenio effects of estrogens, the greater mcidenco of 
leukemia among the females should be considered to be due m part at least to 
the female sex hormone But thus far, experiments made to verify this supposi 
tion have not yielded uniform results 

In the high leukemia stram (Ak) the mddence of this disease was lowered 
from 74 per cent to 46 per cent by ovanectomy performed at 23 to 66 days of 
age. Among males subjected to orchideotomy at 20 to 66 days the meidence 
was 60 per cent as compared with 62 per cent among the controls (84) In Gard 
001*0 strains m which the meidence of leukemia In females is not higher than 
m males, the ovanectomy had no sigmffcant effect (41) Similarly m the F 
stram of Strong (60a) the mcidenco of leukemia is about the same m both sexes 
and gonadectomy did not signiffcantlj alter these ffgures 

In a strain of Lynch (R.Ii) the incidence of leukemia m the females was 88 4 
per cent, m males 63 6 per cent Castration in males raised this figure to 97 
per cent while the administration of testosterone propionate to castrates lowered 
the latter figure to 58.3 per cent Ovanectomy had no significant effect on 
the meidence of leukemia (78b) Removal of the gonads m these e.xpenments 
was performed at about weanmg age or shortlj thereafter Murphy suggests 
that the sex difference m susceptlbihty to spontaneous leukemm is duo to an 
mhibitorj effect by the male sox hormone rather than to a stunulation by the 
ovarian secretion But the leukemogemc effect of estrogenic hormones is 
amply proven by the experiments of others The mterpretation of all of these 
expenments is rendered difficult by the unknown degree of compensation of the 
adrenals for the loss of ovarian sex hormones In man, relapses after castration 
at old ago for caremoma of the prostate are attributed to the compensatory 
production of the male sex hormone Castration at one day of age leads to 
hyperplasia of adrenals tmd occasional tumor formation with excessive sex 
hormone production It would be of mterest to know the effect of castration 
at various ages on the incidence of leukemia and the alteration of the hormonal 
balance by castration 

The leukemogeme action of sex hormones is mdicated by the expenments of 
Gardner et al (41, 42), Lacassagne and Bischoff et al and of others (cf 42) 
The well controlled experiments of Gardner mdicate that m certain stnuns 
estrogens arc as powerful leukemogens as any known agent (41) Other strains 
of mice (e g , C67 of Gardner) are entirely refractory to the leukemogemc action 
of estrogens even though other organs of the same rmco are highly responsive to 
them The leukemogemc action of the chemicals tested roughly jiaraltels 
their estrogemc power and can be ncutraliied by androgenic hormone Testos- 
terone does not mfluenco the occurrence of leukemm in a low leukemm stram 
of mice (41) Discontmuation of estrogens after 2J to 3 months resulted in 
the production of more lymphoid neoplasms than contmuous exposure, pre- 
sumably because the animals h\ ed longer Thus, a sliort but intense treatment 
IS capable of brmgmg about irreiersible changes leadmg to leukemia. It will 
bo of great mterest to learn how bnef and how mtense this treatment has to be 
to produce this change when other conditions are set for it 
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Susceptibility to estrogens is under genetic control of the host (41) In 
hybrid mice with known susceptibihty to estrogens the leukemogenic action of 
estrogens varied greatly Hybrid mice bom of parents of two susceptible 
strains had the lughest mcidence of leukemia foUowmg estrogen treatment, 
none occurnng m the untreated controls When both parents were of the 
resistant stram the hybrids had m one combmation a greater, and in another 
combmation a lesser susceptibihty to estrogens than the parents (41) 

How do estrogens produce leukemia? Their primary effect is an atrophy 
of the lymphoid organs mcludmg the thymus and bony proliferation with re- 
placement of the marrow The leukemias produced are of the lymphoid type 
and arise m the atrophic organs, frequently m the mediastmum, and are m- 
distmguishable from spontaneous leukemias of the same tyqie Mediation by 
the adrenals is not required Estrogens act on lymphoid organs even m the 
absence of adrenals (101) X-rays are also leukemogemc and the primary 
change is hkewise that of depression of hemopoiesis Neoplasms often arise 
m atrophic organs, but the factors which push focal areas of regeneration over 
to the neoplastic side remam a mystery 

Thymus It has been noted that the thymus is a frequent primary site of 
leukemia m a stram of mice (Ak) with high hereditary liabihty to spontaneous 
leukeima Removal of this organ m this stram at 31 to 71 days of age resulted 
m a reduction of the mcidence of spontaneous leukemia from 77 to 8 per cent 
m females and from 61 to 11 per cent m males (84) Removal of the spleen at 
comparable ages had no effect on the mcidence of spontaneous leukemia The 
life span of thymectomized Ak mice is on the average about one half longer 
than m normal Ak mice and this ih probably due to prevention of death from 
leukemia 

The presence of the thymus is important m leukemogenesis m at least this 
stram of mice Moderate doses of methylcholanthrene produce leukemia 
sooner and m larger numbers of animals whose thjmius is present (33e) Ih 
this stram the thymus is frequently'^ the primary site of the disease and it may 
be supposed that its lymphoid cells are especially liable to a mahgnant change. 

Investigations on the possible mechanisms by which the mcidence of leukemia 
IS lowered by thymectomy disclosed the foUowmg o, the effect of thymectomy 
IS not mhented, the mcidence of leukemia bemg as high imthe offsprmg of thy* 
mectonuzed mice as m their normal grandparents (33e) , b, thymectomized mice 
are as susceptible to the growth of grafted leukemic cells as normal mice (33e ) , 
tr, removal of the thymus reduces susceptibihty to the leukemogemc action of 
methylcholanthrene but not to the carcmogemc action of this hydrocarbon, 
d, admimstration of thymus from mice of a low leukemia stram to thymectonoized 
mice over a penod of four months does not seem to restore susceptibihty to 
leukemia (33e) However, it is possible that the “substitution therapy” was 
not adequate 

These observations suggest that m mice of the high leukemia stram Ak, poten- 
tially neoplastic blood cells reside m the thymus and that removal of this organ 
causes reduction m the mcidence of leukemia not by virtue of an endocrine 
factor but by removal of potentially mahgnant cells 
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If the above assumption is correct, it may be eicpected that the Ak thymuses 
retam mahgnant potentiahties after transplantation m a maimer as limbs of 
creeper fowl embryos develop as achondroplastic when grafted on normal 
embryos It seems desirablo to remove the thymus m strains of mice m which 
leukemia is myeloid or lymphoid but not thymic m origm and to study the 
effect of thymectomy on other neoplasms 
Accidental mvolution of the thymus often accompames malnutntion, mtoxi 
cation or disease Tlie experunents described show how these can modify 
an expression of genetic susceptibility to lymphoid leukemia 
Adrenal. The reciprocal relabonship between thymus and adrenal cortex 
is well known (cf 89, 22a, 22b) It follows that hyperplasia, hypoplasm or 
dyafunobon of the adrenal cortex may modify the moidence of spontaneous 
leukemia or the response to a leukemogen Hoivever, there are no experimental 
studies on record on such an effect The conspicuous effect of adrenal cortical 
hormones on the growth of leukermc cells is discussed below 
NttlrUumal wifiuence Tannenbaum (108a, 108b) has presented statistical 
and experimental evidence mdicating that restnebon of calonc mtake reduces 
the madence of neoplasms, m man and animals Wei^t loss alone, what 
ever its cause, can be regarded as exerbng an mhibitmg mfluenco on the mci 
dence of neoplasbo diseases 

The effect of reduebon in food mtake on the genesis of spontaneous leukemia 
18 mdicated by the experiments of Saxton et al (98) In mice of a hi^ leukemia 
stram receiving limit^ amounts of a quahtebvely adequate diet, the mcidence 
of leukemia was 10 per cent as compared to 06 per cent m normallj fed controls 
Bioassays at 9 to 12 months mdicated tho alrecnce of mahgnant lymphocytes 
m the underfed mice, and disclosed their presence at 14, 16 and 17 months. 
In normally fed mice of the same stram, malignant cells appeared at 7 to 13 
months. These experiments indicate that o, mahgnant lymphoid cells are 
absent m young normal mice of the high leukcmm stram Ak, 6, the malignant 
transfonnabon takes place shortly before leukemia becomes manifest, and c, 
this transfonnabon is delayed but not entirely prevented by underfeedmg (98) 
It IS possible that the effects here desenbed are due to some specific nutri 
tional deficiency due to tho overall reduebon of food mtake although none was 
noted Underdevelopment of thjmus and lymphoid tissue might possibly 
explain a lowenng of tho incidence of leukemias but they can hardly account 
for the inhibibon of other neoplasms by underfeedmg Thymectomy produces 
a marked reduction m the madence of leukemia without causmg ivaght loss 
of the experimental animals (33e) 

In mice “painted" with methylcholanthrcne, a 60 per cent calonc restnebon 
reduced the madence of leukemia from 965 per cent to 36 percent and m- 
creased the mean latent penod from 73 to 237 days (116) 

Lack of cystine m the diet also reduced the madence of leukemia in mice 
“pamted’ with methjlcholanthiene The addition of gelatine to a low cysbne 
diet raised tho inadence of mduced leukemia from 10 to 32 por cent and this 
effect IS explained by the presence of a small amount of cystme in gelatine (116) 
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There are no data on the effect of low cystine diet on the incidence of spo 
taneous leukemia 

Nutntional deficiency has been known to cause mvolution of the thymii 
Deficiency of riboflavin, pantothemc acid and thiamin or pyndoxin can cau 
depression of the weight of the thymus (106) Depression of lymphoid orgai 
usually accompames atrophy of the thsunus and any agent which brings aboi 
atrophy of this organ might influence the mcidence of lymphoid leukemia 
Ohemical leuhemogenests Earher experiments suggested that tar and ca 
cmogemc hydrocarbons are also leukemogemc (10, 25) Morton and Midi 
described a readily reproducible method to mduce leukemia with such an agen 
They repeatedly a solution of methylcholanthrene on the skin i 

mice at different sites so as to minimize the development of local tumors Th 
procedure, they beheved, hastened the onset of leukenua m genetically su 
ceptible strains of nuce However, some low leukenua strains proved equal! 
susceptible to this hydrocarbon 

The quantity of methylcholanthrene sufficient to produce leukemia is smal 
Six "pS'Uitmgs” with a 0 5 per cent solution of methylcholanthrene m bens 
apphed twice weekly over an area of a few centimeters has raised the leukemi 
mcidence and hastened its onset Two pamtings had httle effect , eight paintm{ 
were better than six but more mtense treatment did not raise the leukemi 
mcidence (33d) 

The efficiency of a hydrocarbon m hastenmg the appearance of leukemia r 
the high leukemia stram F bears a direct relation to the potency of the hydro 
carbon to mduce breast tumors (62d) 

There are differences m susceptibihty to leukemogens among different stram 
of mice (61) A stram resistant to the leukemogemc action of x-rays may h 
susceptible to that of methylcholanthrene and vice versa (60b) 

The leukemias produced by hydrocarbons are usually of the lymphoid t7P| 
and “atypical” (see below) There is no clear demonstration of the abilify o 
these substances to mduce myeloid and monocytic leukemias although di^ 
are experiments on record suggestmg such potentiahties (33b) 

In most of these experiments benzol has been used as solvent 
is leukemogemc (cf 60b) but not under the conditions tested Solvents 
have a pro or anti-carcmogemc action, though alone they do not produce nev? 
growth (12b) 

The leukemogemc action of benzol is suggested by human observations (32) 
the few experimental studies on record suggest that it is a weak leukemo^ 
(cf 25, 60b) The work of Bhngeler et al (60b) suggestmg that mdol is leu 
kemogemc remamed unconfirmed 

^ammo and 2 acetoammofluorene when fed to rats produces neoplasms u 
erent organs (118) mcludmg leukemias Bielschowsky (a) noted four e 
emias m 104 rats of a non-leukemic stram fed on this compound but mos 
t ese rats had other neoplasms affectmg the liver, mammary gland, etc , 
ese may ve masked the leukemogemc potentiahties of this coaipo 
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■ter studies of Bielscho^vsky (b) suggest that as a coloukemogen this compound 
ight bo unusually effectiie 

Phj/ncal leulemogmi X rays have long been known to cause leukemia m 
m (cf 32, 62) and they produce it readily m mice Accordmg to a recent 
rvey the mcidence of leukemia in radiologists for a fifteen year period is ten 
nes greater than in physicians who are not radiologists (70) 

There is little known about the factors of irradiation responsible for the 
velopment of leukemia The doses which havethis effect are large enou^ to 
stroy the bone marrow Regeneration follows atrophy but the stigmata of 
EiBSive irradiation persist m experimental annuals Hemopoietic tissues once 
issivdy irradiated may never be normal The spleen shrinks, connective 
sue mcreases m amount and the organ is laden with hcmosiderm filled macro- 
lages Large areas of atrophy or necrosis have been a common autopsy findmg 
the femoral marrow of old mice that had been given about 360r at appitm 
itely SIX weeks of age (33d) Some cells among those newly formed acqmre 
e property of unrestramed growth Both myeloid and lymphoid leukemias 
B produced by x raj’s Henshaw (b) has been most successful m mducmg 
ikenua with x rays He has given doses of 200r for 3 to 4 month old mice, 
peated at four week intervals for twenty weeks (total of 1200r) and thereby 
oduced leukemia in 30 per cent of C57 mice Blood counts show cd in general, 
ukopcnla, but m some animals, recovery was followed by marked leukocytosis 
ith leukemic mfiltration at death Leukemia was predominantly of the 
imitive cell type and death occurred usually between the seventh and twelfth 
onths. Howfver, the mddence of leukemia among his controls was also 
gh (7 per cent) There is no study on record which would give quantitative 
formation on the relation of the dose and quahty of x rays and mode of npphca- 
m, to the mcidence of leukemia Neither are the meager data on stram 
fferences in susceptibihty to x rays convmcmg It appears from the survey 
the hterature that x rays are weak loukemogens and not after a long mcuba- 
in period In a small senes, irradiation of Rl hybnds between a high and 
w leukemia stram (Ak/Rf) at 4 to 6 weeks of age, a smgle dose of 87r had no 
finite leukemogemc effect, thou^ this doeo was productive of ovanan neo- 
asms of the granuloea cell type, 176r was slightly and 360r markedly 
ikemogemc (33d) 

There is no knowledge on the leukemogemc capacities of other radiating energy 
leir action is similar to that of x raj’s and they might also have a loukomogenio 
rwer 

CdUuktmogtncm Leukemogemc agents to which mnn is exposed are niimer- 
s and to understand the genesis of spontaneous leukemia it is of great mterest 
find out if different agents which alone are not or are only shghtly leukemogemc 
hance or retard the acUon of leukemogens X rays proved to bo powerful 
-caremogens (77, 72), and the following considerationB led us to test their effect 
leukemogenesla After the apphcation of x rajs destruction of blood form- 
; organs is followed by regeneration durmg which mitotic figures are seen m 
undance It seemed probable that during this phase the blood fonmng organs 
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If the abo^ e assumption is correct, it may be expected that the Ak thymuses 
retam mahgnant potentiahtacs after transphuatataon m a manner as lunbs of 
creeper fowl embryos develop as achondroplastic when grafted on normal 
embryos It seems desirable to remove the thymus m strains of mice m which 
leukemia is myeloid or lymphoid but not thymic m ongm and to study the 
effect of thymectomy on other neoplasms 
Accidental mvoluUon of the thymus often accompanies malnutrition, mtoxi 
cation or disease The experimonts described show how these can modify 
an expression of genetic susceptibility to lymphoid leukemia 
Adrenal. The reciprocal relabonship between thymus and adrenal cortex 
IS well known (of 89, 22a, 22b) It follows that hyperplasia, hypoplasia or 
dysfunction of the adrenal cortex may modify the mcidence of spontaneous 
leukemia or the response to a leukemogen However, there are no experimental 
studies on record on such an effect The conspicuous effect of adrenal cortical 
hormones on the growth of leukemic cells is discussed below 
Ntitniumal infiumce Tannenbaum (108a, 108b) has presented statistical 
and experimental evidence mdicatmg that restriction of calonc mtake reduces 
the mcidence of neoplasms, m man and animals Weight loss alone, what 
ever its cause, can be regarded as exertmg an mbibitmg mfluence on the mci 
dence of neoplastic diseases 

The effect of reduction in food intake on the genesis of spontaneous leukemia 
IS mdicated by the experiments of Saxton et ah (98) In mice of a high leukemia 
stram receivmg limited amounts of a qualitatively adequate diet, the incidence 
of leukemia was 10 per cent as compared to 05 per cent m normally fed controls 
Bioassays at 9 to 12 months indicated the absence of mahgnant lymphocytes 
m the underfed mice, and disclosed them presence at 14, 10 and 17 months 
In normally fed mice of the same strum, mahgnant ceUs appeared at 7 to 13 
months These experiments radicate that o, mahgnant lymphoid cells are 
absent m young normal mice of the hi^ leukemia strain Ak, h, the malignant 
transformation takes place shortly before leukemia becomes manifest, and c, 
this transformation is delayed but not entirely prevented by underfeedmg (98) 
It IS possible that the effects here desonbed ore due to some specific nutri- 
tional defidenoy duo to the overall reduobon of food mtake although none ^vas 
noted Underdevelopment of thymus and lymphoid tissue mi^t possibly 
eiplam a lowermg of the incidence of leukemias but they can hardly ocemmt 
for the inhibition of other neoplasms by underfeeding Thymectomy produces 
a marked reduction in the mcidence of leukemia without cousmg ivei^t loss 
of the experimental anim als (33o) 

In mice “painted” with mothylcholanthrcne, a 60 per cent calonc restnetion 
reduced the mcidence of leukemia from 90 2 per cent to 36 percent and in 
creased the mean latent penod from 73 to 237 days (116) 
lack of cystine m the diet also reduced the mcidence of leukemm m mice 
' pamted' with methylcholanthrcne The addition of gelatine to a low cystme 
diet raised the mcidence of mduced leukemin from 10 to 32 per cent and this 
effect 18 explained by the presence of a small amount of cystine m gelatine (116) 



66 


J i'UETH 


There are no data on the effect of low cystine diet on the incidence of spon- 
taneous leukemia 

Nutntional deficiency has been known to cause involution of the th 3 Tnus 
Deficiency of nboflavxn, pantothemc acid and thiamin or pyndoxm can cause 
depression of the weight of the thymus (106) Depression of lymphoid organs 
usually accompames atrophy of the thymus and any agent which bnngs about 
atrophy of this organ might influence the mcidence of lymphoid leukemia 

Ohemiccd leulsemogenests Earlier experiments suggested that tar and car- 
cmogemc hydrocarbons are also leukemogemc (10, 25) Morton and Mider 
described a readily reproducible method to mduce leukemia with such an agent 
They “pamted” repeatedly a solution of methylcholanthrene on the skm of 
mice at different sites so as to minmuze the development of local tumors This 
procedure, they beheved, hastened the onset of leukemia m genetically sus- 
ceptible strains of mice However, some low leukemia strains proved equally 
susceptible to this hydrocarbon 

The quantity of methylcholanthrene sufficient to produce leukemia is small 
Six “pamtmgs” with a 0 5 per cent solution of methylcholanthrene m benzol 
apphed twice weekly over an area of a few centimeters has raised the leukemia 
mcidence and hastened its onset Two pamtmgs had httle effect, eight pamtmgs 
were better than six but more mtense treatment did not raise the leukemia 
mcidence (33d) 

The efficiency of a hydrocarbon m hastemng the appearance of leukemia m 
the high leukemia stram F bears a direct relation to the potency of the hydro- 
carbon to mduce breast tumors (62d) 

There are differences m susceptibihty to leukemogens among different strains 
of mice (61) A stram resistant to the leukemogemc action of x-rays may be 
susceptible to that of methylcholanthrene and vice versa (60b) 

The leukemias produced by hydrocarbons are usually of the lymphoid type 
and “atypical” (see below) There is no clear demonstration of the abihty of 
these substances to mduce myeloid and monocytic leukemias although there 
are experiments on record suggestmg such potentiahties (33b) 

In most of these experiments benzol has been used as solvent Benzol itself 
IS leukemogemc (cf 60b) but not under the conditions tested Solvents may 
have a pro or anti-carcmogenic action, though alone they do not produce new 
growth (12b) 

The leukemogemc action of benzol is suggested by human observations (32), 
the few experimental studies on record suggest that it is a weak leukemogen 
(cf 25, 60b) The work of Bttngeler et al (60b) suggestmg that mdol is leu- 
kemogemc remamed unconfirmed 

2-ammo and 2 acetoammofluorene when fed to rats produces neoplasms m 
different organs (118) mcludmg leukemias Bielschowsky (a) noted four leu- 
kemias m 104 rats of a non-leukemic stram fed on this compound but most of 
these rats had other neoplasms affectmg the liver, mammary gland, etc , and 
these may have masked the leukemogemc potentialities of this compoimd 
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Later atudies of Bidschowaky (b) suggest that as a coleukomogen this compound 
might be unusually effective 

Phytical Uulemotens X rays have long been known to cause leukemia m 
man (cf 32, 62) and they produce it readily m mice According to a recent 
survey the mcidence of Icukemm m radiologista for a fifteen year penod is ten 
tunes greater than m physioiana who are not radiologifits (70) 

There is little known about the factors of irradiation responsible for the 
development of leukemia The doses which havethis effect are large enough to 
destroy the bone marrow Regeneration follows atrophy but the stigmata of 
massive irradiation persost m eorperlmental aniTriftiR Hemopoietic tissues once 
massively irradiated may never be normal The spleen shrinks, connective 
tissue increases m amount and the organ is laden with bemosidorm filled macro- 
phages Large areas of atrophy or necrosis have been a common autopsy findmg 
In the femoral marrow of old mice that had been given about 350r at approxi 
mately six weeks of age (33d) Some cells among those newly formed acquuo 
the property of unrestmmed growth Both myeloid and lymphoid leukemias 
are produced by x raj's Henshaw (b) has been most successful m mducmg 
leukemia with x rays He has given doses of 200r for 3 to 4 month old mice, 
repeated at lour week intervals for twenty weeks (total of 1200r) and thereby 
produced leukemia m 30 per cent of C67 mice Blood counts showed m general, 
leukopenia, but m some animals, recovery was followed by marked leukocytosis 
with leukemic infiltration at death Leukemia was predominantly of the 
primitive cell tjrpo and death occurred usually between the seventh and twelfth 
months However, the mcidence of leukemia among his controls was also 
high (7 per cent) There is no study on record which would give quantitative 
information on the relation of the dose and quahty of x rays and mode of apphea- 
tion, to the Incidaice of leukemia Neither are the meager data on stram 
differences in susceptibility to x rays convmcmg It appears from the survey 
of the hterature that x rays are weak leukemogens and act after a long meuba 
tion period In a small senes, irradiation of FI hybnds between a high and 
low leukemia stram (Ak/Rf) at 4 to 0 weeks of age, a smgle dose of 87r bad no 
defimte leukemogenic effect, though this dose was productive of ovarian neo- 
plasms of tho granulosa cell type, 176r was sh^tly and 360r markedly 
leukemogenic (33d) 

There is no knowledge on the leukemogenic capacities of other radiatmg energy 
Their action is similar to that of x rays and they might also have a leukemogorac 
power 

Coleukemogmmt Leukemogemc agents to which man is exposed are numer- 
ous and to understand the genesis of spontaneous leukemia it is of great mtercst 
to find out if different agents which alone are not or are only shghtly leukemogenic 
enhance or retard the action of leukemogens X-rays proved to bo powerful 
oo-caremogens (77, 72), and the foUowmg comnderationB us to teat their effect 
on leukemogenesis After the application of x rays destruction of blood form- 
ing organs fa followed by regeneration durmg which mitobc figures are seen in 
abundance. It seemed probable that dunng this phase the blood forming organa 
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would be particularly susceptible to another leukemogen The experiments 
performed mdicate that pre-irradiation with 175r enhances the susceptibihty 
of mice to the leukemogenic action of small doses of methylcholanthrene, the 
leukemias appearing earher and m larger numbers than m mice subjected 
to these agents alone (35a) Current experiments have shown that 87r apphed 
imder similar conditions are less and 350r are more effective than 175r m en- 
hancmg susceptibility to methylcholanthrene 
The combmed effect of x-rays and methylcholanthrene was tested by Kaplan 
and Kirschbaum under entirely different conditions X-rays were given m 
doses of 80r until a total of 720r and 880r were given The apphcation of 
methylcholanthrene was so mtense that 80 per cent of the mice died of leukemia 
at an average of 114 days as contrasted with 58 per cent of mice exposed to both 
agents, dymg at an average of 127 days The authors are mchned to explam 
the apparent discrepancy between their results and ours (35a) by differences m 
the genetic constitution of the stram of mice used, but they also emphasize 
the higher dosage and different method of irradiation m then expenment 
As Tannenbaum pomts out, cocarcmogemc and anticarcmogenic actions are 
usually effective only dunng one stage of carcmogenesis (108c) The pro- 
cedures of the two groups of mvestigators are not comparable and these may 
account entirely for the differences m the results 
There are other leukemogens whose co-operative potencies deserve further 
study, e g , estrogens are known to be leukemogemc and carcmogemc m large 
quantities, and procarcmogemc (43) m small quantities Among the leu- 
kemogemc substances the plunpotent acetoammofluorene has a remarkable 
carcmogemc action on stimulated cells It readily produces carcmoma of the 
thyroid gland that had been rendered hyperplastic Avith thiouracil (7b) Any 
agent that stimulates hemopoietic organs may prepare the ground for a leu- 
kemogen, and may cause neoplasia of blood cells when small doses of a leu- 
kemogen also reach hemopoietic foci Hereditary susceptibihty to leukemia 
may be localized to one lymphoid organ as suggested by thymectomy expen- 
ments (84) However if an organism is exposed to large quantities of a car- 
cmogemc agent, neoplastic cells probably arise m many foci, e g , methyl- 
cholanthrene produced innumerable discrete limg tumors m almost every 
mouse that had been pamted with leukemogemc doses of this hydrocarbon 
Unnary siibstances slimulcUtng lexikopcnesis The idea that leukemia may 
result from disturbance of the unknown mechanism which mamtams leukocjde 
level wiU now be considered Stumdi producmg transient depressions and 
elevations of this level are well known and it is conceivable that a disturbance 
of this mechanism sumlar to that of an endocrme gland might result m a lastihg 
rise of the leukocyte level and m an accompanying hyperplasia of a hemopoietic 
system Thus, a leukemia-hke change might result but this supposition does 
not explam the change m the immature blood cells endowmg them with unre- 
stramed growth m new hosts mto which they are grafted 
Weam et al (cf 53, 50) discovered that the urme of leukemic patients con- 
tains substances that stimulate hemopoiesis m guinea pigs Miller and Turner 
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(76, 110) behe\e that these Bubatancca are specrfic stimulators of hemopoiotio 
systems AU of 36 animals given this pnnciplo from patients vnth chrome 
myeloid leukemia are stated to have developed changes similar to that of human 
mj-elold leukeima Their figures 1 to 3 llluatmtang these changes show, m the 
reviewer’s opmion, hemopoiesis not defimtely leukemic in character All of 
40 nnimRls given the pnnciple from patients with chromo lymphoid leukemia 
are desenbed as havmg developed comparable changes In 6 gumea pigs 
given the material from patients with Hod^n’s disease, a “trend toward 
lymphoid stimulation was apparent with the character of lymphosarcoma in 
some nnlmala ’’ The material with lymphoid activity is beheved to be a hy 
droxy-aad, that with myeloid activity a non-carbmol acid Patients with 
monocytic leukemia and Hodgkm's disease are excietmg both m largo quantities 
but one substance cun be converted mto the other Normal people are assumed 
to ejccrete similar substances m small quantities althou^ none has been demon 
stinted The most potent substance that produces myeloid h>’perplnaia and 
metaplasia in gumea pigs is m the urmo of patients with myeloid leukemm 
The active pnnciple can be concentrated by the bensoic acid absorpbon techmo 
A different substance with similar activity obtamed by Hirschman et al seems 
to be a prtitein or glycoprotem 

No attempt is desenbed by these mvestigators to prove transmissibnity of 
the disease by cells Leukemia of the gumea pig is known to be transmissible 
(26) as are most, if not all, leukemms of mice The effect of similar extracts 
from the unne of patients with other neoplasms has not been adequately tested 
In mice, advanced non mahgnant extramedullary hemopoiesis frequently 
accompanies tumors of different sorts (66, 4) The animals of Miller and 
Turner usually became moribund at 3 to 6 weeks after the bcginnmg of the 
treatment — an unlikely brevity and oouibo for a neoplasm. 

These authors mterpret their data as supporting the wnli known "theory” 
of Ziegler, which postulates a balance between myelcid and lymphoid tissues 
and hyperplasia of one system consequent to hypoplasia of the other but un- 
til better evidence is presented this "theory” will r emain an assumption 
Weom and his present associates regard the changes described as leukemoid 
but such changes are non-epecifio The chemical and biological properties 
of substances produemg them and their relation to lymphoid and myeloid leu- 
kemias deserve further study 

Leuktmoid nadtom The hemopoietio reserve of tie bone marrow appears 
leas m rodents than m man, and it is common to note orderly myelo- and eiy- 
thropoiesia in the liver and spleen of older rodents and durmg the course of 
varied infections and mtoxioations Most of the greatly enlarged spleen and 
less often as much as one-third of the enlarged hver may be hemopoietic tissue 
and the leukocyte count may exceed 200,000 Indeed, in extent, these hemo- 
poietic fod may equal that encountered m the usual cases of leukemia These 
hemopolefao cells are, however, not autonomous and they cannot be grafted 
on normal related imce They also lack the mvaarve ohaiaoter of malignant 
blood cells Non-malignnnt extramedullary hemopoiesis (4, 65, 60, 33d) 
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often accompanies chemical carcmogenesis and grafted tumors of different 
sorts, particularly -when the latter are large and undergo necrosis or secondary 
inflammation Mth removal of the grafted tumor and heabng of wounds, or 
cessation of causative infection, they regress The morphological cntena 
differentiating it from leukemias have been well descnbed by Barnes and Sisman 
Occasionally it is not possible to distmguish between these two fundamentally 
different processes by microscopic exammation Numerous bioassays were 
performed to exclude the leukemic character of this extramedullary hemopoiesis 
and with rare exception the moculation mto young mice of the homologous 
stram failed to yield leukemia (33d) It is possible that this advanced hyper- 
plastic change is mildly preleukemic 

The leukemic ceU Almost aU mvestigators of experimental leukemia arrived 
at the conclusion that the essential change m leukemia is a malignant trans- 
formation of an immature blood ceU and that a smgle locus of lymphoid neo- 
plasia can produce as an end result either leukemia or lymphosarcoma, depend- 
mg on the character of the mahgnant lymphocytes The factors responsible 
for tissue mvasiveness and degree of blood mvolvement are unknown (33b, 60b) 
It is possible to produce tumor-hke masses m the subcutaneous tissue by the 
mtroduction of mahgnant blood cells m the subcutaneous tissue even from cases 
with diffuse mvolvement, formerly spoken of as systeimc disease, not accom- 
panied by tumor formation (33d) 

The idea that the basic change m leukemia is one of mterference with matura- 
tion of prmutive cells with consequent proliferation lacks experimental support 
In Potter’s opimon the mahgnant transformation is “the result of a depression 
m the rate of differentiation which accumulates ceUs” (cf 83) But m some 
myeloid leukemias there is a conspicuous maturation and this view does not 
explain the essential alteration m leukemia which takes place m the cell 

The idea that lymphocytes with leukemic properties m one animal may 
behave as normal cells on transplantation mto an ammal with a different genetic 
constitution (80b) has no basis Experimental data mdicate that leukemic 
cells under such conditions do not proliferate and the studies of Loeb imply 
that they are likely to be destroyed by the inflamma tory reaction provoked by 
the genetic differential between host and recipient There are no data on 
record that suggest that leukenuc cells re-acqmre the basic properties of a normal 
cell under any condition If such a process should occur it would mdicate a 
possible means of controllmg neoplastic growths 

The experimental observations mdicate that the leukemic cell is a newly 
formed cell with mdividual properties of its own often perplex m terms of normal 
maturation, e g , m a mahgnant myeloid cell (as is common m myeloid leukemias 
of chickens) the nuclear lobation may be advanced, yet granulation is scanty 
if any One type of leukemic cell m mice is charactenssed by exaggerated 
nuclear lobations, absence of c 3 doplasmic granules and of oxydase enzymes and 
lack of phagocytic abihty This was first descnbed as an “atypical leukemia” 
(3a) but subsequent observations have shown this to be a fairly characteristic 
type althou^ its genesis and character is subject to controversy (66) Occa- 
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monally the typmg of leukemma m man and mice offeiB considerable difficulty 
Organ affimties nre of httle help in their identification smce -any blood formmg 
organ can be the favored site of any type of mahgnant blood cell In trans 
nuBSiou experunents the three types of lilood cells (lymphocytes, granulocytes 
and monocytes) remam true to type and transitions or transformations have 
not been observed These observations support the idea of Independence of 
these cell types in the adult animal 

Neoplasms ansmg in reticular or endothehal cells of hemopoletio organs 
have also been observed m rats (29) and m mice and transmitted m senes 
(3b, 39) These cells remain true to type and fail to produce any type of blood 
cell One of these could be readily grafted on the chonoallantois of the chick 
embryo producmg a bulky growth m eight days There seems to be a relation 
between neoplasm of monocytes or rebcular cells and Hodgkm’s disease (33a) 
A cytoplasmic mclusion body m lymph nodes charaotenstio of Hodgkin’s 
disease descnbed by Grand deserves further attention 

It 18 beyond the scope of the present review to survey m detail chemical, 
metaboho and cytological studies descnbmg differences between normal and 
malignant blood cells There is no test tube reaction which would mdicate 
malignancy The differences noted between normal and mahgnant have been 
proven to be quantitative rather than quahtativo and it is uncertam whether 
they are related to the cause of the mahgnant transformation or result from it 
Claude fractionated extraots of mahgnant rat lymphocytes by means of cen- 
trifugation and has shown that nbose nucleic acid occurs m the cytoplasm of the 
leukermo cells only m association with formed elements of relatively large sise, 
namely, rmcrostanes and mitoohcsidrin (16a) These const as physical entities 
and their structure is well shown by the electron microscope (16) 

Tusue cultures The abnormal characteristics of leukemic cells of mice are 
mamtamed m tissue cultures Each cell type has a charaotenstio motihty and 
this may help to identify the cell type (67) In addition, each mahgnant line 
of the same cell type studied proved to possess Individual charaotonatics per- 
petuated m tissue cultures The leukomo lymphoid cells studied (67) mi- 
grated from the explants more slowly ttian normal cells, showmg characteristics 
of mahgnant cells in that they wero larger and had larger and more granular 
nuclei than normal lymphocytes The mahgnant monocytes studied (67) 
behaved in tissue cultures as the epithehoid cells of the tuhercle. They were 
phagocytic, ingested red blood cells and formed bilirubm Their nuclei wero 
somewhat larger and had more chromatin granules thnn those of normal epi 
thelioid cells (67) 

Lewis and Lewis, and Bichel cultured mahgnant lymphocytes of mice over 
ponods of months but no one has succeeded thus far in growing m vitro normal 
myelohlasts or lymphoid cells while leukemic cells seem to grow with ease. 

Earher mvestigatora (of 33b) described maturation of humrm leukemic 
myeloid cells m vitro in the manner of normal immature myeloid cells This 
obsetvibon, partially confirmed by Israfils is conflictmg with those made on 
myelmd leukemia of mice and smce it suggests a maturation defect as the basic 
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change m hiunan leukemia, the discrepancy requires a clanfication Israels 
goes as far as denymg the apphcabdity of experimental studies m rodents to 
human leukemias citmg opmions and observations m favor of the non-neoplastic 
nature of human leukemias, but none of these appears conclusive This in- 
vestigator has cultured cells from the bone marrow from one case of myeloid 
leukemia and three cases of monocytic leukemias and noted maturation of the 
presumably leukemic cells Such studies are hable to the pitfalls of mter- 
pretations made on the basis of fixed and stamed preparations, they should be 
documented with sections and motion picture records 
The chonoallantoic membrane of the developmg chick embryo provides a 
medium m which human leukemic leukocytes may grow for a short period (93a) 
Thiersch noted the development of h 3 q)erplastic osteosclerosis m fowls which 
hatched after moculation with matenal from human leukemias None of the 
fowls or embryos had leukemia The development of these bony changes 
may not be a mere comcidence (cf 66) 

Metabolism of leukemic cells Most earher studies are subjects of a techmcal 
error The circulatmg blood is seldom if ever a pure culture of mahgnant blood 
cells, and their number is vanable and uncertam Leukemia often produces 
a leukemoid change and mahgnant blood cells maybe mdistmguishable m appear- 
ance from their immature no rmal homologues In workmg with tissues the 
non-mahgnant framework cells and blood components and other residual normal 
or mjured cells of the host have not been given proper consideration (11, 12b, 
111 ) 

The anaerobic glycolysis of lymph nodes and spleens with mduced leukemias 
showed no defimte metabohc distmctions between control and leukemic mice 
irrespective of the type and extent of mfiltration The anaerobic glycolj^ 
of hvers, however, showed a two- to eight-fold mcrease dependmg upon the 
extent of mfiltration All three types of analysis, metabohc, histologic and 
transmission concurred, mdicatmg a relatively sudden onset and rapid progress 
of leukemia a few months after p aintin g the mice with methyl cholanthrene (11) 
The respiratory quotients of all tissues e xamin ed were below imity The j 
aerobic glycolysis values of preleukemic, le ukemi c and leukemoid lymph nodes, 
spleens and hvers were 50 per cent to 100 per cent above normal No evidence 
wasobtamed for the existence of a preleukemic metabolism differentfromnonnal 
In the opmion of Burk the metabohsm of mduced mouse leukemia seems to 
represent the lowest limit of a type of metabohsm of a mahgnant tissue (11) 
The presence of a neoplasm influences a wide variety of biochemical processes 
m host tissue remote from the site of the tumor (12a, 12b, 111) The leukemic 
state may alter the metabolism of hver cells (48) HaU attributed the mcrease 
m anaerobic glycolysis rate of hvers of leuketmc mice to two factors a, the 
presence m the hver of mahgnant lymphocytes that are carrymg on anaerobic 
glycolysis at a rate similar to that of the same lymphoid cells m the lymph nodes, 

6, to a considerable mcrease m the glycolytic activity of the parenchymal cells 
of the hver The latter appears to be due to the leukemic state and may be 
mdependent of the presence of leukemic cells m the organ 



LEUKEMIA 


63 


Normal bone marrow cells other than erythrooytes fulfill all but one ontenon 
of a tumor type of metabolism of Burk, the relatively high E Q (about 0 96) 
distinguishing them from malignant cells (112) The available data on II.Q 
values are insufficiont for generalisation and the studies of Warren (112) Indicate 
that no known metabohc reactions serve to distinguish maUgnant from non- 
m align ant hemopoiesia 

Normal cells appear to utilire less pyruvate and usually convert a greater 
proportion of pyruvate to lactate than leukemic cells (1) 

Htilogenesu of the leuktmtc aU The ease of induction of leukemia and the 
avaUabdity of strains m which the disease la almost mevitable at a given age, 
enable a study of ita histogenesis TJnfortunatelj , observations on the mterrela- 
tion of cell types on the basis of appearances m fixed and stamed preparations 
proved undependable and so are these histologioal studies on the ongm of 
leukemia. 

The tissue culture studies and transmission eipemnents Indicate that the 
leukemic cells are capable of proliferating ind efini tely, and it is conceivable 
that the ma l ignant change affecta the homologous cell the lymphocyte, myelo- 
blast or monocyte However the reticular framework cells of the blood form- 
ing organs are widely regarded as the source of both normal and leukemic 
cells Potter et al (94) described a locahicd reticulum cell hypeiplasis m the 
high le ukemia strain C68, preceding leukemia This is particularly conspicuous 
m the medullary regions of the lymph nodes and penvasoular regions of the 
hver, and is absent m low leukemia strains exammed at comparable ages. They 
concluded that the first malignant lymphocytes are produced by reticulum cells 
Since this reticulum cell prohferation is widespread it is assumed that not all 
become sources of leukemic cells In the low leukemia strains studied by the 
reviewer, reticulum hyperplasia is common with advancmg ago (36b) and is 
frequaitly associated with non malignant extramedullary hemopoiesia There 
seems to be an association between hemopoiesis and reticulum hyperplasia 
but it IS possible that the same stimulus provokes both mdependently, or that 
the reticulum cell proliferation is secondary One of the most common sites 
of reticulum cell hyperplnsin is in the liver, yet thm organ is an extremely rare 
site of lymphosarcoma and may show only scant mvolvement in the early 
stages of leukemia In the Ak stock the thymectomy experimeute suggest 
that the thymus is the common site of the primary leukemic change The 
ongm of malign ant blood cells m reticulum requires better evidence than hitherto 
presented 

The best mdex for the leukeimo character of hemopoiesis m a given organ is a 
positive bioassay Bioassays made durmg the preleukemio phase of spon 
taneous or mduced leukemia have disclosed the presence of malignant blood 
ceHs not snspooted on histological examination The solution of thla problem 
may come from further systematic studies with nondeukemic and leukemic 
strams correlating histological changes with bioassays 

The obowth op leukemic cells Neoplastic aella are usually designated 
ns autonomous or unrestramed but these are only relative terms Phymolos^oal 
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and other stimuli mfluencmg normal hemopoiesis influence to a hmited extent 
the growth of leukemic cells and numerous recent mvestigations are concerned 
with factors mfluencmg their growth. Unfortunately, many of these mvestiga- 
tions are of httle value because of the lack of consideration of the growth mter- 
ference occurnng when there is a genetic differential between the leukemic 
cells and the host on which they are grafted 
Genetic and antigenic considerations The growth of a leukemic cell m a host 
other than that m which it has arisen is subject to a restramt, varying m in- 
tensity with the magmtude of the differential between grafted cells and the 
hosts The foUowmg are illustralave examples of the difference between the 
genetics of spontaneous and transmitted leukemia In C3H imce, leukemiais 
almost non-existent, yet this stram is highly susceptible to the growth of cells 
ansmg m the high leukemia stram Ak (36) FI hybrids between high and low 
leukemia strains have a moderate or low mcidence of spontaneous leukemia, 
yet they are with rare exceptions as susceptible to leukemias of the high leukemia 
stram as members of the latter (36) Accordmgly, experiments deahng with 
the genetics of transmissible leukemia have httle, if any bearmg upon problems 
of mhented suaceptibihty to this disease Experiments on the mduction of 
resistance to transplantable leukemia and modification of such resistance by 
chermcal, physical or other agents are concerned with factors of transplantation 
and have httle if any bearmg on the course of spontaneous leukemia, e g , a 
transmissible rat leukemia can be grafted on only about 80 per cent of rats of 
the stock of ongm mdicatmg the existence of a differential between host and 
leukeimc cells (79b) Embryomc tissue produces resistance to grafts m about 
85 per cent of the rats treated Several chemical agents as well as x-rays are 
Capable of breakmg down this resistance (79b) Such experiments are not 
concerned with the growth of spontaneous neoplasms 
Leo Loeb, m a classical monograph on mdividuahty has descnbed the reac- 
tion of the body to ahen cells mtroduced The mdividual differential acts as 
inflammatory irritant and provokes the formation of antibodies m the new host 
Tumors grafted on unrelated mice seldom take, and if they take they often 
regress Tumors which take m unrelated nuce often tend toregress afterapphca- 
tion of an agent somewhat damaging to the tumor cells Such experiments 
raise the questions Have the agents used altered the differential between host 
and recipient cells, depressmg the reactivity of the host or mcreasmg the anti- 
gemcity of the graft, or have they acted as a growth stimulant or depressor 
and could they act also m the absence of antigemc differentials against a spon- 
taneous mahgnant tumor Transplantation of leukemias with a differential 
between host and grafted cells contnbutes to an understandmg of the mdivid- 
uahty of the leukeimc cells but does not directly disclose factors mfluencmg 
the growth of spontaneous neoplasms In some cases, immimization processes 
are apparent only after the growmg neoplasm has been completely extirpated 
(Loeb, p 405) Agents mjurmg the tumor may augment immune reactions 
resultmg m a “cure” or decrease of the per cent of takes 
Accordmgly, the most conclusive^ experiments on growth modifiers are those 
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conducted on spontancoua or induced neoplasma Unfortunately, the leukenuaa 
of ftTumal^ are not recognized earlj enou^ Tho nearest to an ego is an identical 
twin, and the nearest to an idenbcal twin are httennates of mbred mice Con- 
tinued inbreeding leads to homozj goaty though the latter may never be at- 
famed The use of such strains proved trustworthy m onentation studies for 
growth modifiers 

Unfortunately, leukemic cells may change m the course of successive tmns 
plantation The cells often gain in proliferative vigor and in the course of 
years or months all chrome transmissible strains of the reviewer have ended 
up as acute, produomg a fatal disease m 5 to 12 days instead of months At 
the same tune there was but slight or no change m the appearance of the leu 
kcmic celTw 

In the course of transplantation by MacDowell ct al m mbred strains of 
mice, antigemc differences became evident between grafted cells and hosts 
with production of immumty agamat these cells This immunity did not 
mterfere with tho genesis and growth of leukemic cells m '‘immunized” 
mice (81a) 

MacDowell et al have noted that by mtroducmg small numbers of leukemic 
cdls ansmg m the homologous stram the mouse may survive and tolerate m- 
creasingly larger numbers of ceUa Hosts susceptible to tumor grafts can bo 
protected also passivelj by treatment with mmced tissue containmg hiung 
ceils from an actively immunized animal Normal and embryonal tissue from 
an unrelated mouse maj also confer immunity Tissue of the same genetic 
conshtubon as the host is meffeobve. Cironlatmg antibodies play an important 
part m immumty to transplants of leukemio cells (44) 

Leo Loeb believes that there is no mdividuahty differential between normal 
and cancer cells of the same nnimnl and immunotherapy of neoplasms is, there- 
fore, not feasible If there is a subtle genebo difference between a spontaneous 
neoplasbc cell and the homologous normal cell of its host, as is suggested by 
proponents of the somafao mutabon theory, it is not of an order to be anbgemc 
m the host, otherwise it would be destroyod It is possible that limitations of 
spread in spontaneous leukemias and faQure to circulate m the blood stream m 
large numbers are due to shght anbgematy, but even this has thus far not 
been proved The numerous immuni ty studies to prepare, by specific absorp- 
bon, a solution acting specifically on mahgnant cells have been earned out with 
grafted tumors, and are, therefore, not applicable to spontaneous disease 
Blood cells would seem to be particularly smtable for the study of specific 
antibodies for malignant tissue proteins but such studies have thus far not been 
reported. Opimons on the subject are vaned MacDowell et al consider 
immunization against spontaneous leukemic cells a possibihtj while for reasons 
outhned, tho reviewer regards this as most unlikely 
In evaluating the expenmenfs on modification of the growth of leukemic 
cells most informative are those conducted with spontaneous leukemia Large 
numbers of spontaneous cases are necessary for the study of each factor because 
different hues of leukemic cells of the same type may varv widely in reactivity 
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to the same agent (31) This is well known for human neoplasms, e g , the 
horm6nal response of prostatic carcmoma seems to be lastmg m less than 25 
per cent of the cases, and is transient m 75 per cent Next m value are studies 
made with transmissible leukemias ansmg and transplanted m a highly mbred 
stram Leukemic cells vary greatly among themselves, hence, the use of several 
different hnes is desirable A given hne of transmissible leukemia reacts uni- 
formly to the same agent For prelmunary experiments, transmitted leukemias 
in well mbred hnes may be more smtable than spontaneous leukemias The 
onset and course of the leukemia is known with transmitted leukemias, while 
spontaneous leukemias are only available at the advanced stage and their course 
IS unpredictable The greater the differential between grafted cells and hosts, 
the less informative is the experiment Tendency for regression or failure to 
take m 100 per cent of the animals (discountmg techmcal errors) are mdications 
of mdividuahty differentials 

Hormonal growth factors The female sex hormones and adrepal cortical 
hormones undoubtedly affect lymphopoiesis There is ample evidence mdi- 
catmg that the latter inhibit the growth of some mahgnant l 3 Tnphocytes while 
the former have not been tned on a comparable scale 

Adrenal cortical hormones Heilman and Kendall have shown that 11-de- 
hydro-17 hydroxycorticosterone (compound E) produces atrophy of thymus 
and of lymphoid tissues When given to mice wth a transmissible lympho- 
sarcoma, it caused rapid regression of the growth, but m most animals regression 
was mcomplete and temporary, and after an mterval of a few days or weeks the 
growth recurred Gradually the leukemic cells became refractory to this hor- 
mone and eventually the tumor caused the death of every mouse Resistance 
to the hormone resided m the tumor cell for the resistant tumor transplanted 
to another animal remamed resistant A few mice which were given the ceUs 
of this tumor by mtravenous moculation were also treated with compound E 
but prolongation of life of the mice with systemic leukemia was shght A 
reticulum cell sarcoma did not respond at all to this compound Several trans- 
plantable mammary carcmomas were tested and only shght retardation m 
growth was observed 

In experiments on the effect of adrenalectomy on the susceptibihty to trans- 
mitted leukemia, Murphy and Sturm used middle aged rats of a substram of 
Wistar rats that are only partially susceptible to leukemia ansmg m this strain 
Only 46 per cent of 32 moculated fl.niTnn.lR developed the disease Adrenalectomy 
has raised this figure to 90 3 per cent (79a) This effect may be entirely non- 
specific and may mean no more than lowering the resistance of the host to 
grafts Adrenalectomy produces stimulation of lymphoid activity and the 
latter should raise resistance to tumors, accordmg to the theory of Murphy 
(78a) Sturm and Murphy (107) attnbute the greater receptivity of adrenal- 
ectomized rats to transplanted leukeima to the same factor which stimulates 
lymphoid tissue It is possible, however, that the effects of adrenalectomy are 
non-specific m that the growth of other neoplasms would also be enhanced by 
adrenalectomy In other words, this drastic procedure might break down the 
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differentials existing between host and grafted cells The resistance of adrenal 
eotomiied rats is known to be markedly depressed to toxins-, poisons, bactenal 
and protoroan infections (92) 

The inhibitory effect of adrenal cortical and pituitary adrenotropic hormones 
on the growth of transplanted leukemio cells was tested by Murphy and Sturm 
under the condition mentioned From 0 to 10 per cent of moculated controls 
failed to come down with leukemia as contrasted -with about 20 to 60 per cent 
of those receiving the hormone (79o) 

Female sex hormone Experiments on the relation of sex hormones to the 
mduction of leukemia already reviewed do not suggest that these hormones, 
given m physiological amounts have a marked effect on the proliferation of the 
mahgnant cells There are no reports on the effect of subfatal quantities of 
these hormones on the growth of leukemic cells Stilbcstrol, given in large 
quantities, brmgs about atrophy of thymus followed by that of other lymphoid 
tissues and it retards the growth of rmce (41) Estrogemo hormones are one 
of the few substances which will affect the lymphoid tissue m the absence of 
adrenals (101) 

Isttle IS known about the effect of other hormones on mahgnant blood cells 
Induced myxedema did not alter the course of chrome lymphoid or myeloid 
leukemia m man (91) 

Nulnlional faelors Quantitative restriction of a quahtatively adequate 
diet resulted m a shght prolongation of life with transimtted lymphoid and 
myeloid leukemias, but death from leukemia was not prevented (31) Under 
feedmg was begun early in the course of the disease and was about as drastic 
as the mice could stand Nevertheless, prolongation of life was less than that 
resulting from apphcation of x rays, benzol or arsemcals (31) 

Nursing influence The milk of certam lactatmg female mice promotes the 
growth of some transplantable lymphoid and myeloid leukemias m nor mall y 
refractory rmce (63) This influence was present throughout the period of 
lactation and was mamtamed through three generations m normnllj refractory 
mice The factor is present m salme extracts from hver, spleen or mammary 
fhmd, dialyses through parchment membrane resists S5°C for 20 mmutes and 
60 per cent glycerol for 30 days (03) The existence of such a factor analogous 
to the agent of mammary caremomn is a challenge to the genetic theories of 
transplantation and throws new hght on growth factors of neoplnstio cells 

Chemical growth modifiers (Experimental chemotherapy of leukemia ) 
Following the ideas of Peacock and Beck and of Haddow that a caremogen 
may also inhihit the growth of neoplastio cells, Stamer and Engelbreth Holm 
(106) tested the effect of mtravenous mjection of a colloidal suspension of 9,10 
dimethyl 1,2 benzanthracene on transmissible leukemia Small doses of this 
substance prolonged the life of the mice with transmitted leukemia and a large 
dose actually controlled it m nil of five rmce that had been given this treatment 
It is noteworthj that this dose is fatal by the subcutaneous or intrapentoneal 
routes and that no tumors appeared after mtravenous mjection of this caremogen 
These experiments require confirmation and extension Are other transmitted 
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and spontaneous leukenuas affected by 9,l0-dunethyl-l,2 benzanthracene, 
do other more potent leukemogens have a sunilar effect, are compounds related 
chemically but lackmg carcmogemc potencies also effective m controUmg the 
growth of leukemia, what is the action of this compound onnormal hemopoiesis — 
are some of the questions to be answered by experiments 

Hory et al (31) have tested numerous orgamc compounds usmg different 
strams of transmitted leukenua and found tbat different leukemias respond 
differently to the same agent but the effect of a given chetmcal on a given strain 
IS fairly constant Benzol doubled or tnpled the hfe span of mice with trans- 
missible chloroleukemia and occasionally arrested the disease Its effects were 
manifest even when administered durmg the advanced stage of the disease 
Other types of leukemias tested responded httle if at all to benzol and no benzol 
derivative was found that would be more effective than benzol (31) Knowl- 
edge of the fate of benzol m the body and its mode of action might aid m the 
extension of these findmgs Potassium arsemte prolonged somewhat the 
hfe of mice with certam transmissible leukemias No orgamc arsemcal tested 
had a stronger effect and none prevented death from leukemia (31) 

Chambers et al studied the effect of several compounds which inhibit the 
respiration of malignant lymphoid tissues m vitro, on the growth of normal and 
mahgnant lymphoid cells m tissue culture These mclude N,N,N‘,N^-Tetra- 
methyl-o-Phenylenediamme which was about seven times more toxic to 
mahgnant than to normal lymphoid cells In general, the mahgnant cells 
were of the more immature tj^e and it is possible that unmatunty per se was 
the cause of excessive sensitivity (14) In tissue cultures lymphoid sarcoma 
cells of rats were more susceptible to heptanal sodium bisulfite methylsahcylate 
than normal lymphoid cells (Cameron et al ) It remains to be shown whether 
these short-term tissue culture studies yield results that parallel those m vivo 
Heptylaldehyde bisulfate strongly depresses respiration of lymphocytes m vitro 
but it had no effect on lymphomatous tumors of rats and on leukemic patients 
(102) Colchicme temporarily inhibited the growth of transmitted lympho- 
sarcoma (68, 117) 

Physical agents Lymphomatous tissue retains more radioactive phosphorus 
than normal lymphoid tissue from 1 to 19 days after administration of tagged 
phosphorus The exchange (specific activity) of phosphorus m the lymphoma 
studied was twice as great as m normal lymphoid tissue (100) In rapidly 
growmg lymphomatous tissue the nucleoprotem fraction was found to contam 
90 to 95 per cent of the total nuclear radioactive phosphorus From the rate 
of its uptake it was calculated that a new lymphoma nucleus was synthesized 
once every 27 hours The great accumulation of P32 m malignant cells is 
attnbuted to an mcrease m mitotic activity (71a) Warren found that ad- 
ministrated radioactive phosphorus is retamed m greatest amounts m those 
organs of leukemic patients which are heavily infiltrated with leukemic cells 
Slowly metabohzmg tissues contam but httle phosphorus The distnbution of 
radioactive phosphorus m man is of approximately the same order as m rodents 
(113a) Radioactive phosphorus is a useful means of therapy of leukemm 
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because of its preferential concentration in rapidly probferating cells, hence m 
leukemic infiltrations (113b) If given many days before death, the concen- 
tration of P32 13 greatest m osseous tissues 1711110 if given just before death, 
most IB found m the bone marrow, lymph nodes, spleen and liver This sug 
gests that it is first utilued by more rapidly metaboUimg tissues and by those 
moat frequently infiltrated ivith leukemic cells and later by bones (28) Nn 
merous other studies ivith different radioactive elements, neutrons and x rays 
have been reviewed by Lawrence 

X rays Of all agents tested by Flory et al , x rays had the broadest range 
m destroymg mabgnant blood colls They prolonged the life of most leukemio 
iiTiiiTiiilfi but in no case has it been possible to destVoy all malignant cells without 
domg fatal damage to normal organs 

Followmg exposure to x rays and to neutrons there is a sharp mcrease in 
abnormal mitoses 3 hours after exposure and a greater morease at 12 hours. 
As the dose of the x rays moreases the percentage of mitoees decreases mdi 
catmg (Marschak, 71b) that the damage results from a smgje encounter of the 
X rays with a sensitive part of the chromosomes Unlike those of other cells 
studied, chromosomes of a mouse lymphoma are sensitive to x rays and neutrons 
not only at the onset of the prophase but also during the penod of the restmg 
stage where the sensitivity is even greater (71b) Smee neutrons are more 
efficient than x rays m producing chromoeame abnormahtics m the nuclear 
restmg stage, Marshak predicts that they will produce regression of neoplasms 
resistent to x rays (71b) 

Cold Exposure of starved leukemio mice to oold at 6-8‘’0 , during 6 to 
more than 24 hours, caused degeneratian and disapfiearance of leukemio lympho- 
cytes but the leukemio infiltrations reappeared m ali nmmalfl that survived 
this drastic treatment (26) It is noteworthy m this connection that mahgnant 
lymphocytes resist freexmg (9) 

Avian leukosis and the vibus fbobleu. The virus theory of leukemia 
is based mamly on experiments with avian leukemia (leukosis) and the latter 
will, therefore, be briefly renewed The problems of anan leukosis are identical 
with those of avian sarcoma Numerous viruses have been isolated which 
produce either leukoeis or sarcoma or both The range of each virus is constant, 
however, under usual conditiona Earlier experiments suggesting a change 
in thar affinities have not been confirmed Duran Reynals has shown that 
the agent of diicken sarcoma is capable of profound modification when passed 
throng another species but it is uncertain how far leukemogenio propertiea 
can be acquired or lost m thin manner 

Three mam types of anan leukods ore known, eiythro- and myeloleukoeia, 
which are usually caused by the same agent, and lymphoid leukoeis, which can 
be transmitted with difficulty or not at aU. The latter occurs m many forms 
and is probably caused by several different viruses. An anan lymphoma 
readily transmissible by cellular grafts, has been described by Olson No cell 
free agent has been demonstrated in tJim lymphoma but no intense search 
seems to have been made for such an agent. Numerous investigatoie have 
induced sarcoma in chicks with hydrocarbnns but it is debatable if these tumors 
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contain an agent (virus) Nobody bas descnbed the production of leukosis 
in chickens by pure carcinogenic chemicals Immunological studies suggest 
the presence of a virus m a chemically mduced chicken tumor that is not trans- 
missible by cell free material, sera of fowls bearmg such tumors neutralize a 
leukosas-sarcoma agent (Gottschalk) The direct demonstration of an agent in 
chicken leukosis or sarcoma is sometimes diflGicult and the studies of Rous et aJ 
and of others mdicate that no avian tumor or leukosis can be certified to be free 
from such agents A non-neoplastic change, osteosclerosis, is beheved to be 
caused by some agents of leukosis (56) 

A characteristic form of avian leukosis associated with infiltrations m the 
nervous system commonly called fowl paralysis or neurolymphomatosis is of 
great economic importance and has been studied eictensively m numerous places 
It appears to be sometimes neoplastic and sometimes mflammatoiy m character 
with predommance of small lymphoc5’tes Numerous transmission eiqien- 
ments yielded suggestive evidence of its transmissibihty imtil recently Blake- 
more discovered that it is caused by a filter-passmg agent which produces a 
non-fatal myocarditis m baby chicks Neurolymphomatosis is conceived to be 
a late phase of the same disease There are distmct hereditary differences in 
susceptibihty to agents of fowl leukosis and sarcoma (54, 114) Leukemic cells 
placed on the chonoaUantois produce leukosis m chick embiyos but the cell 
free virus does not although it persists m the embryo (93b) In tissue cultures 
the agent of fowl leukosis could be grown m the presence of fibroblasts (21) 
Thus this agent is capable of multiphcation m the presence of cells which it does 
not render neoplastic 

For years, the discussion centered around the question whether the cause of 
avian leukosis was a virus similar to that of other contagious diseases or an 
autocatalytic endogenous selfperpetuatmg substance mducmg other cells to an 
irreversible neoplastic change Neither the morphological characteristics nor 
behavior m the body would distmguish a virus-mduced leukosis or other neo- 
plasm from one seemmgly free from virus There are strains of avian leukosis 
and sarcoma readily transmissible by cell free agents, strains transmissible by 
cells only and all gradations m between This vims can be conceived as part 
of the reproductive matter of the abnormal cell (20, 19) and the fact that it is 
separable from the cell makes it a useful tool for the study of cell determinants 
Normal cells also contain m their cytoplasm sedimentable substances of the 
order of magni tude of viruses Chemical and immunological studies suggest a 
sunilanty between virus and normal heavy tissue particles (15b) They are 
earners of numerous en2ymatic activities (cf Rabat) It is possible that the 
virus IS a modified normal heavy cytoplasmic substance (Claude) or that the 
so-called virus thus far analysed is essentially normal heai^ material and only 
a small fraction of it is virus (Rabat) The trend is to consider these viruses as 
essential but altered components of the heavy matenal present m normal cells 
and to regard them as autosynthetic as are genes and some enzymes The 
caremoma protem is a modified normal protem with changed enzymatic activ- 
ity occasionally containmg a "reproductive particle” (V R Potter) 

The experunents of Duran-Reynals on modification of an avian neoplastic 
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vuus <l'mngh passage of different apeaea ore explained b> nuaiimmg that the 
new environment provides different “building bloeks,” causing a reconstruction 
of the virus, the altered virus becoming dominant m the new host (Dbton) 
Needham compares carclnogeneeia by virus with neural plate induction The 
latter could also be propagated bj cell free oxtraots The sjuthesis of further 
supphes of evocators may be stimulated autooatalytically hke trypsm from 
trypemogen or plant viruses m their hosts 

In the light of these mvestigations, neoplasia m mammals can be explained 
by a simil ar cytoplasmic disturbance yielding a virus-llke agent Engelbreth 
Holm and Fredenkson described experiments suggcstmg such an agent m mouse 
leukemia, but their findings still await confirmation This agent, they thought, 
is rapidly inactivated by oxidation 

Tm BOHATio MUTATION THEOBY The idea that the neoplastic change is 
analogous to a somatio mutation has had its proponents and opponents for 
several decades (36) All somatic cells of an organism are believed to have an 
identical ohromosumal make-up with a complete sot of genes responsible for 
the organismal differentials Differentmtion or transformation of one cell 
type mto another is not acoompamed by chromosomal changes When the 
somatio mutation theory was proposed, only chromosomes were regarded to be 
hereditary components of the cell Subsequently, cytoplasimc matcnals have 
been recogmied that are self reproducing and important m deter minin g the 
characteristics of the celi The term somatio mutation will be used here m a 
broad sense, meaning changes in any component of the cells which is self repro- 
ducmg and dotcrmmes cellular characteristics An acceptance of the idea that 
the neoplastic change is analogous to a somatic mutation requires proof that the 
change resides m the chromosomes or in reproductive oytoplnsimo particles 
No such changes have thus far been noted m the chromosomes of leukemic cells, 
and nothmg is known about the hypothetical reproductive particles m the cyto- 
plasm of these cells 

Indirect evidence for a genetic basis of the leukemic aitemtion is suggested 
by transplantation tests Transplantation tests in highly inbred strains are 
beheiod to yield information on the genetio character of the cells Hybrids 
of known genetio composition have a greater assortment of chromosomes than 
homoiygous mbred mice and transplantation tests m FI hybrids yielded data 
of greater value It has been known that grafts of normal cells of Fl hybrids sue 
ceed 100 per cent m Fl hybnds but not at all in parental mice This was verified 
for spleens of the Fl hybnds of a high (Ak) and a low (Rf) leukemia stram m 
which these transplantation experiments were made (68) Numerous lines of 
leukermc cells arising spontaneously m Fl and other hybnds of these strains 
were grafted on parental and on hybnd mice Unlike normal spleens they proved 
readdy transplantable to imee of the parental high leukemia imee (90) Most 
leukemias mduced by methylcholanthreno m Fl hybnds of these strains could 
not bo grafted on parental mice but some could bo grafted on either or on both 
parental utrains (34) 

These results are explained by Loeb by assuming that Fl cella eontam, m 
addition to the gene sots denved from the parents which determme the “or 
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gnTnamn.! differeatials” of the leukemic cells, an mtnnac stimulus (named by 
Vnm Gi — ^mtnnsic growth factor) which is derived from the parent susceptible 
to the development of spontaneous leukemia This mtrmsic stimulus is re- 
sponsible for the conversion of normal lymphoid ceUs mto leukemic ceUs In 
the high leukemia strain the existence of an auxihary extrinsic growth pro- 
motmg factor (Ge) is postulated, which makes it possible for leukemic cells to 
multiply This hypoihetical Ge factor is not identical with the nursmg influ- 
ence of Law (already descnbed) smce the former is transmitted by both mother 
and father It may represent gene hormones through which m the course of 
embryonal development, gene effects may be transmitted to the recipient tissues 
(Iioeb, p 383) 

Not all leukemic cells ansmg m Fl hybnds behaved m the manner descnbed 
Kirschbaum and Strong (62b) noted that leukemic cells ansmg m CBA x F 
hybnds behaved m transplantation tests as norm al spleens 

Mutations are beheved to be sudden while the neoplastic change is stated 
to be a step by step non-genetical process This, however, may be more appar- 
ent than real, as was recently pomted out by Mottram for cancer cells, the more 
rapidly prohferatmg cell of a heterogeneous mahgnant cell population gradually 
outnumbermg the less rapidly growmg cell hnes Another objection to the 
somatic mutation hypothesis is that mahgnant cells frequently change in the 
course of transplantation Mahgnant cells, as other hvmg cells, are subject to 
inheritable mo^cations but, smce the use of inbred strains of imce, the only 
consistent change noted m hnes of mahgnant ceUs is that m growth vigor but 
not a change m character 

When a normal ceU turns mahgnant it can survive and proliferate only when 
the deviation m its components is not of sufficient magmtude to create a new 
antigen The formation of a new substance is not necessary for antigemcity, 
structural diflferences create antigemc differences Thus, the abnormal m the 
neoplastic ceU need not be a plus matenal (virus or agent) but a changed nudeo- 
protem complex This is m essence the theory of numerous mvestigators 
Malignancy m relation to organization and differentiation has been reviewed 
recently m this journal (5) 

The transplantation experiments descnbed demonstrate differences between 
normal Fl cells and neoplastic Fl cells In order to explam this difference, 
more knowledge is required of chromosomes of blood cells and of the assumed 
cytoplasmic reproductive ceU deterrmnants For such studies uniform popula- 
tions of normal and neoplastic blood cells are now available, and the recent 
advances m histochemistry, electron imcroscopy, the mtroduction of tagged 
dements, etc might enable a more precise defimtion of the abnormal m the 
neoplastic ceU than has hitherto been possible 

OnOSINO COMMENTS 

Contrary to general behef, control of a disease may either precede or follow 
knowledge of its cause and character Basic unknowns can be mvestigated 
irrespective of their logical sequence factors regulatmg normal hemopoiesis, 
the causation of leukenua, the fundamental change m leukemogenesis, the 
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olmracter of the leukenuo cell and the faotora influencing its growth Each of 
these major problems can be resolved mto a mosaic of minor questions Some 
of these and the facts gathered to answer them during the past few years have 
been reviewed. Bohdity of facts gives strength to a theory Major disoovenes 
have been announced on the basis of a single or few small experiments and left 
abandoned. Leukemia and leukemoid tissue reaotiona have often not been 
diatinguished. Factors modifymg the growth of grafts have been confused 
with those of the ongm and growth of loukenuo cells in their native host. He- 
redity, age, sex, nutation and maternal influences are some of the ever present 
and often forgotten vanables modifying, if not determimng the action of an 
agent chosen for study In mterpretmg and analynng experimental results, 
there is often a lack of mtegration with data of others and the generahration 
made is sometimes not warranted 

The essence of the leukomo change appears as follows diverse extrinsic and 
genetio factors acting on normal hemopoietic cella result m the formation of an 
abnormal immature blood coH with a hastened growth fores This, the 
leukemic coll, possesses mdividual characteristics which distmguish it from 
Immature normal cella of its host and from other leukemic cella Its most 
important charactcristica are failure of complete differentiation and abihty 
to overcome the forces which restrain the growth of normal immature cells of its 
kind, so that it mvades tissues and organa and ultimately lolls its host It 
may remain at the site of ongm or imgrate around the body multiplying at 
favored sites The basic change is intnnsio m the cell smce it is mamtamed in 
tissue cultures The change involves the ensymabo and metabolic cajpaobes 
of the cell but no such smgle qualitative change is known which would identify 
a neoplasbo blood cell The basic change may be due to a, an alteration of the 
reproductive material of the cells, either cytoplasmic or nuclear (the theory of 
somatic mutation), or 6, to the presence of a selfperpetuahng exogenous agent 
(virus theory in a restricted sense), or c, to an endogenous growth factor multi 
plymg autocataljrtically, causing abnormal differentiation 
The ongm of the somatie mutation theory is obscure It is assocmted with 
the name of Boven but had many proponents The virus theory Is supported 
by the work of Rous, Androwes, Bittner etc (cf 97) and that of abnormal 
differentiation related to organiier effects is suggested by Loeb, Murphy, 
Needham, etc (of 86) The current trend is for the mtegration of these theones 
as it seems that the frontiers existing between studies of heredity, development 
and infection are only techmcal and arbitrary (Darlington) 

I KTstefully aoknowledge the extended enpport civen to iaTeatigetlone In thw Depart 
ment by The Lady Tata Memorial Treat The International Cancer Reaeareh Foundation 
The Jane CofBn Chllda Memorial Fund for Medical Ileeearch The Anna Fuller Fund, and 
by The Anonymous Donor who initiated these studies 
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NEURAL MECHANISMS OF CUTANEOUS SENSE 
GEO H BISHOP' 

LabcToiory of Nturophyttology, Oicor Jokmtm InotUttie, Washington Unwsrnly iftdteal 
School, St Louis 

Following numerous recent reviewB of the cutaneous senses, the present effort 
may appropriately emphasue a particular aspect of sensory function. The 
underlying concept will be that all sensory messages, on their passage through 
nerves from the periphery to the center, must consist of patterns of non-specific 
nerve impulses The consequent problem is then to correlate the pattern of the 
impulses with the sensation reduced, considering the nerve impulses as the com m 
terms of which we may evaluate sensation on the one hand, and stimulation on 
the other These patterns can vary only m limited respects to account for varia- 
tions m sensaticin 

Krst, different fibers, for instance large and small, may carry impulses of differ- 
ent energy value, le , of different denominations as coma The significance of 
this is httle understood Second, any one fiber may fire at different frequencies, 
and for different durations, resultmg m an accumulation or mcroase of sensory 
value in terms of temporal sunimation Third, fibers ending at different pomts 
of the skm or even at the same pdnt maybe activated together, at the same or at 
different frequenoea, resulting in spatial summation of sensory values, sometimes, 
ns mi(dit be expected, indistanginshable m sense from temporal summation No 
other vanations would seem to be possible m the nerve-impulse patterns of sen- 
sory messages 

Two other types of specialisation of function however exist In the ponpbery 
the endings of the fibers are differently located, are differentially sensitive to 
different forms of energy, and have different properties appearing ns adaptation, 
threshold, rofractonness, after-discharge, etc The character of the pattern of 
impulses set up by any external sthmilus is largely deter min ed by these factors 
Then centrally the different fibers impmge on different cells or areas of cortex, or 
make differential connections in some other charactenstic manner, such that 
impulses however originated amvmg over different fibers set up different sensory 
effects It is further probable that at the synapses along the fiber pathways to the 
cortex, differences exist charaotenstio of different groupe of fibers or of sensory 
pathways, modifymg the pattern from the penphery which is received at the 
cortex. In addition to these specific differences in oonneotions, the sensory effect 
is further dependent on the state of excitabihty or of activity of the center, 
usually conceived of in terms such as mental or emotional attitude, state of atten- 
tion, memory, etc It is also dependent on the state of the periphery determining 
the effecte of a given stimulus on the pattern, for which terms of a corresponding 
elegance have not been elaborated At both center and periphery the state of 
excitabDity and the consequent magnitude and form of response may be further 
altered by current events, that is, by the stimulus itself at the penphery , and by 

' Assisted by a grant for research in nenrophyaiology from the Rockefeller Foundation 
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the impulses amvmg at the center The final and overall effect of all these 
factors IS the sensory process 

It will thus be obvious that skm sensation is more than skm-deep In fact the 
only portion pertammg directly to the skin of the extensive nervous machmeiy 
which performs a sensory act is the penpheral skm "sense” organ Even it 
determmes only m a prehmmary way what sensation is aroused by an external 
stimulus The term “cutaneous sensation” is appropriate only to suggest that a 
class of discnmmatory or affective states of the central bram is potentially hut 
not necessarily aroused by certam agents actmg on the skin To these agents the 
skm is exposed by the mcidental circumstance that it finds itself lying across the 
pathway of some physical force armed at the organism m general Further, sen- 
sation is only one of the ways m which the organism reacts, for it also reacts to the 
same stimulus at vanous levels of the nervous system beside the sensory 

Sensory pathways are m fact only a particular selection of the afferents to the 
central nervous system They consist actually only of those afferents the results 
of whose excitation may reach consciousness Sensation bemg registered m the 
bram, wherever along the pathway activation occurs, it is obviously more than the 
functionmg even of these sensory afferents It is therefore appropriate to exam- 
me first the cntena by which “cutaneous sensation” may be differentiated out of 
the complex of nervous system behavior 

The concept of modahiy The four modahties of cutaneous sense usually recog- 
mzed, touch, pam, cool and w^arm, are differentiated on a dual basis, subjective 
and objective, and this has given nee to some confusion m the defimng of 
sensory categones Moreover the flexibihty of nervous system behavior leads to 
such vanation m results of stimulation as to require rather arbitrary and perhaps 
artificial conditions of experimentation m the derivation of a formal classification 
Centrally, the abihty exists to accurately differentiate subjectively, at least four 
sensations m simple experimental situations, and penpherally, at least four corre- 
sponding classes of endmgs in the skm can be inferred, if not ultimately demon- 
strated histologically, reactmg typically but not exclusively to different and 
characteristic forms of energy It is a degree of correspondence between these 
subjective, penpheral and physical phenomena which gives meamng to the idea 
of modahty All other sensations aroused by cutaneous stimuh can then he 
defined as summations of these four components, m vanous combmations and 
mtensities Two difficulties arise m this connection 

First, more than four types of endmgs are present, as judged by punctate stimu- 
lation of the skm at least, and second, the vanous stimulation of one pomt, and 
presumably of one type of endmg, may arouse different sensations It would 
seem logically necessary for instance to mclude m the pam modahty the rather 
pleasant sensation denved from scratchmg an itch, which must stimulate pam 
endmgs, and probably to assign itch itself to the result of a particular pattern of 
activation of pam endmgs Agam the vibratory sense, although distmguishable 
from either touch or pressure, probably emplo3fS both pathways m a characteris- 
tic pattern of activation, and several distmguishable vaneties of touch following 
point stimulation of skm are mcluded m one modahty merely because they seem 
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to have, subjectively, a common quahty StiU other sensations are more obvi- 
ously the result of a more complex pattern of multiple athnulation, ■wetness, 
smoothness, etc The selection of four fundamental modahties for the classifica 
tion of cutaneous sensations is thus a compromise between simpUcity and 
confusion, and between specificity of stimulation and flexibiHty of central 
interpretation 

One may then define pragmatically the modahty of ■warmth as that sensory 
process set off with least energy when heat only is applied as a stimulus to the 
normal or average subject, over a considerable skm surface Cool can be defined 
as the sensation aroused from the stimulation by an adequate stimulus of certam 
discrete pomta usually occumng m groups deep m the skm, and which can be 
identified as those respondmg preferentially when lowered temperetuio is the only 
stimulus Pain as a cutaneous modahty 18 the response to any stimulus at certam 
discrete pomts m the skm, oharactensod normally by an avoidance or withdrawal 
reaction if the stimulus is sufficiently mtense, and arousmg a central sensation 
which IS ite own definition Below this intensity of stimulation these sense organs 
arouse a contact or prick sensation which is not painful subjectively In this the 
pam system appears to differ from those of warm, cool and touch. Its normal 
stunuh are mechamcal distorbon of the skm, and a more mtense change of tem- 
perature than IB reqmred for tomperature sense It is peculiarly liable to m 
crease of imtabihty under the influence of inflammation The modality of touch 
then mcludes all other senses now known to be aroused by simple stunulaUon of 
discrete skm Ioct or nerve endings, a contact sense normally activated pnly by 
mechamcal distortion 

A workable classification of cutaneous sensation thus requires a set of cntena 
which satisfy various conditions, recognition subjectively of discrete and oharac 
tenstic sensatioiiB, speafio nerve mech anisms m the periphery, and characteristic 
and preferential fonna of stimulation A further examination of the charactens- 
tics of the pathways between periphery and bram for each eense insofar ns at 
present known may throw further light on the processes by which anj stimulus 
pattern induces its sensory response 11118 would seem to be an important if 
neglected aspect of sensation It will appear that In many resjiects the whole 
pathway for a given sense is characteristic of that modality, in the sense that its 
mode of action, synaptio connections and structure contnbute to the pattern of 
nerve impulses in which the effects of the peripheral stimulus are recorded at the 
central level 

One of the chief supports for the concept of modalities has been the presumed 
specificity of skm endmgs for different forms of energy Yet von Trey (1896) 
recognixed that the relati^ve thresholds for pam and for touch depend on the area 
of the contact of the stimulatmg object, and the structure of the skin itself, and 
the jXBition of the nerve endmgs withm it (Watterston, 1933, Bishop, 1944), 
probably play as important a part m selective stimulation as does the selective 
imtabihty of the nerve endmgs Hardy ct al (1939) find radiant heat a most 
effective stunulus to pam endmgs, paradoxical stimulation of cold spots is a 
familiar phenomenon, all the sense organs except warm spots are excitable elec- 
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tncaUy (Bishop, 1943) and with relative thresholds for tench and for m 
opposite to those disclosed by mechanical stimulation, and Nafe (1942) conadera 
chLges m vessel size the immediate stimulus in the response of temperature end 
mes This author emphasizes the possibihty that the nerve endmgs themselves 
may be non-discmmnative as to forms of energy apphed, a possibihty previously 
considered by Bronk (1934) What degree of specificity nerve tennis them 
selves are capable of is m doubt, and the overaU selectivity may best te cm 
sidered as a function of many factors, position m the skm, encapsulation by 
non-nervous envelopes, mcludmg the dermal tissue itself as a ca^e or 
medium through which external agents affect “free” nerve terminals, denmty or 
stiffness of overlymg epidermis, affected by sweatmg, etc , and not least, the vay 
m which the energy is apphed m customary expenence When variations m 
these factors are minimized or controlled experimentally the sensation ehcited is 
hable to depart from the casual expenence which determmes our concepte d 
sensations, and further comphcations arise A certam amount of training of the 
subject IS m fact necessary to obtam rehable data under many experimental 
conditions It can then be said that only by takmg the “sense organ” as a com 

plex of the sensory nerve terminal, its surroundmgs m the skm, and the circm 
stances under which it is usually stimulated, does a high degree of specificity 
respect to energy selection result 

The pathway to the higher centers Between the sense organ sensitive to a spe- 
cific type of energy and the area of the bram where its sensory message is ^ 
jected extends the fiber pathway, mterrupted at vanous levels of 
junctions This pathway may be charactenzed m several ways, other than by 
central and penpheral termmations One is the size of fiber of which it co ^ 
at least m penpheral nerves, together with the fiber properties which go 
size A second is the segregation of afferents into functional groups in the sp 
cord A third is the type of response other than sensation, — ^reflexes for instance, 
— ^mduced by penpheral stimulation A fourth may be the degree of intermn 
nection between parallel pathways of a given sense at synaptic regions, sue 
would permit spatial summation, for example In a sense the reverse oi i 
pomt discrimination or recogmtion of position on the body surface, might & 
function of the degree of separateness of mdividual pathways, although ^ ^ 
extent subcortical neurones are mvolved m this, and to what extent it depen 
mterpretation of stimulus pattern at the hi^er centers is unknown -lO 
(1943) has offered a theory of locahzation mvolvmg central recogmtion o 
pattern of penpheral endmg activation, rather than a simple one-tract pa 
from penphery to center, and Lorente de N6’s concept of “partially shifted o 
lap” (1934), consistent with many observations on the structure andfunotio^ 
of neurones, presents a picture of a given axon’s termmals impmgmg on the 
dntes of several neurones, the selection of the post-synaptic element ^ ^ . 

vated dependmg on the pattern of activity of t^ie pre-synaptics In the ^ 
nucleus of the optic tract a sensory pathway capable surely of the high 
cmnmation shows a pre- to post-synaptic relation correspondmg to this co 
(O’Leary, 1940) and certainly not to a one-to-one relation There is no 
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to believe that pre-to-post connections' at the spinal cord level are any more 
unique, and the differences between the vanous senses with respect to discmnma 
bon of locus on the one hand and spatial summation on the other have at present 
no final experimental explanation 

The constituent fibers of a skm nerve when classified accorthng to sue fall mto 
several groups whose manma are distmct but whose margms are not (Gasser and 
Erlanger, 1927) Smce threshold as well as conduction rata vary with sise, the 
action currents after conduction aegregate into coriespondmg waves, one for each 
mre group, and the strength of stimuluB can bo so manipulated as to stimulate 
fibers only above a selected else Block by pressure affects large fibers preferen 
tially, and a combination of pressure block and limited stimulus strength will 
serve to activate a selected band of fiber sires by ehmmatmg from stimulation 
both larger and smaller fibers than those eelected 

Both m tmanesthetlsed animals and m man (Heinbecker, O’Leary and Bishop, 
1933, Hombecker, Bishop and O'Leary, 1933) procedures of selective activation 
of slnn nerve branches demonstrate that the larger fibers from the skm serve 
touch only, at any number and frequency of stimiilation, while a fairly distmct 
group of medium-eired fibers (the delta group, 6 to 3 mu in diameter) mclude 
pam fibers. One cannot say from this evidence that smaller fibers, m the delta 
rgnge for instance, do not carry touch or pressure, and m fact them is evidence 
that they do, and to be sure the fact that two kinds of touch are recognisable m 
the skm, that from hair foUicles and that from areas of skin between them, leaves 
the possibihty at least that oven within the one modahty of touch a differentiation 
with respect to siie exists Other evidence, from stimulation of mdividual pam 
and touch spots of the skin, indicates at any rate that m the delta range also 
touch fibers if present do not mediate pam Just below the pam sixe and prob- 
ably overlappmgits distribution m tbe same group are fibers serving temperature 
senses (Heinbecker, Bishop and O’Leary, 1934) Still smaller fibers, the C or 
non myelinated group, can be demonstrated also to cause pam on stimulation 
(Clark, Hughes and Gasser, 1935) What other senses this group may mediate is 
not known at present 

Not all tbe fibers m each sue range are known to be sure to serve these respec- 
tive modahties, or even to serve sensation at all, further the margms of the sire 
groups are not sharply discrete, nor do the experimental procedures employable 
separate too precisely acoordmg to site However the demonstration that fibers 
above a certam sue and threshold carry touch but no pain, that fibers just below 
this m sue carry the pnckmg pam of the skin, and that the largest pam fibers are 
approximately at the head of the delta group, can be made clearly m conscious 
human subjecte (Heinbecker, Bishop and O’Leary, 1934) Further, differential 
anesthesia of nerves m man (Heinbecker, Bishop and O’Leary, 19^) mdicates 
that the temperature senses are mediated by fibers m the delta group in general 
smaller than, but overlapping the pain fiber sue Temperature has not been 
excluded from the C group Not only the exclusion of pam from overstimulation 
of touch fibers, but the convenient and obvious activation of pam endings by heat 
(Hardy et al^ 1 c ) suggests that “hot” pam is also mediated by pam fibers and 
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not by temiieratuie fibers, that is hot dr bunung pain is a composite of warmth 
and pam (Pathological or “burning pam” of the thalamic s 3 mdrome is not nec- 
essarily so accounted for ) Pam from excessive cold may be not a skm sense, but 
arise from activation of deeper pam endmgs, or from both superficial and deep 
(W olff and Hardy, 1943) , there is no evidence that it arises from excessive stimu- 
lation of fibers mediatmg cold itself It is perhaps noteworthy that pam from 
muscle nerves and from stimulation of the sympathetic trunks (visceral pam?) m 
ammalR arises also from activation of the same sized fibers as m the skm 

On the basis of anunal experiments this concept has been questioned, particu- 
larly that pam fibers were confined to the delta and C groups (Gasser, 1943, and 
others there cited) For instance, stimuh known to be mjunous or to arouse pam 
activate fibers wUose conduction rates extend over the whole size range, although 
it would seem not necessanly to follow that all fibers so stimulated contnbute to 
the pam, without a more discnmmatmg test of their separate functions Also, 
the fact that pam is mediated by two groups so far apart as the delta and C might 
raise doubts as to the significance of size Nafe (1 c ) argumg for a theory of 
non-specificity of nerve fibers cavaherly dismisses the idea of specific size group 
correlation with the statement that the attempt to identify pam fibers by size has 
failed, and decides that the overstimulation of touch mechanisms causes pam 
An enthusiastic remterpretation of the evidence on human nerve stimulation 
permits him to draw conclusions the diametnc opposite of those of the experimen- 
ters he cites (Hembecker, Bishop and O’Leary, 1933) Other discrepancies re- 
ported m the hterature on fiber size and function may serve as the basis for 
legitimate doubts as to the precision of the correlation until these discrepancies 
shall have been disposed of On the other hand, the absence of an alpha group 
m skm nerves and its presence m nerves to muscle provides the experimenter with 
an ace cold, m that no cutaneous sense can be mediated by fibers as large as the 
group that cames impulses for the propnoceptive sense of muscle Stated with 
due qualifications the conclusions here reached are not irreconcilable ivlth the 
position of Gasser (1 c ) sometimes cited without his own quahfymg statements as 
the extreme proponent of the opposite view Beyond a considerable body of 
accepted findmgs, divergent inferences as to an ultimate solution are as proper as 
they are tentative 

From such evidence then it is permissible to infer that the pathways of sense, at 
least m their course through peripheral nerves, are mdeed mediated by fibers of 
characteristic size ranges, though the ranges for the different modahties overlap 
at their boundanes No conclusive reason can be assigned for this distnbution, 
perhaps the higher conduction rate of large fibers makes them more suitable for 
the more discmnmatory senses, touch m the Rlnn and the proprioceptive senses 
from muscle, etc Or fast impulses may set the stage for slower ones at synaptic 
levels (Gasser, 1935) The occurrence of two bands, delta and C fibers, m the 
nerves’ size spectrum which mediate pam may prove to be the salubnous excep- 
tion, and mean that two vaneties of pam are mediated, for vhich there is some 
evidence 

It was noted by Goldscheider (1881) that response to pmpnck seemed to be 
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double, an immediate pnok followed by a ebghtly delayed aohmg pam Von Frey 
m repeatmg these eipenmenta 0 o ) claimed that only the delayed pam arose 
from stimulation of pam spots m the skm m certam loci where touch was not 
aroused, and he diagnosed the first sensation as touch, mterpreted as pam when 
followed by the second phase of the double response The present wnter con 
firms von Frey, and further confirms Lewis and Pochm (1937) that by electncal 
stimulation of pam spots only one sensation is mduced, touch and presumably the 
pam from C fibers requiring a higher strength of stimulation by oloctnaty than 
delta pam (Bishop, 1943) However, a double pain sensation has been reported 
repeatedly and Lewis and Poohin assign the second phase to the slower conduc- 
tion of impulses m C fibers, assurmng both to bo activated at the same instant 
The change In the character of sensation as the pain from a severe pnck develops, 
and measurements of the reaction times from points at different distances from 
the cord have led to the suggestion that ordmary pnck is mediated by the faster 
delta fibers, achmg pam by the slower The same achmg pam can, however, be 
ehmted as the sensory effect of repetitive electrical stimulation, at a strength such 
that one shock alone calls forth only bright pnck Unfortunately, all the sensory 
fibers lose their myeUn sheaths as they approach the epithehum, preventmg histo- 
logical identification of pomt innervation in this respect Another possibihty 
exists, that non myelmated fibers servo that pam which is difficult to ehcit m 
normal subcutaneous or visceral tissues, but which is rendered extremely irritable 
in inflammatory reactions Lewis and Pochm point out that a non painful 
interval between early and delayed pain must mdicate a discontmuity of pam 
fiber distribution between myelmated and nonmyelinated pam groups (larger 
delta and C), consistent with the known mterval m conduction rate 
Untd lees inferential conclusions can be drawn from more critical evidence, the 
dyfferenca m tensory mpomes to delta and to C fibers cannot be said to have been 
uneqmvocally demonstrated Their reflexes do differ significantly (see below) 
In view of the necessity that C pam must be delayed compared to delta pam if 
both are ehated at once, it may be suggested that there are two phenomena here 
confused, an apparent double pam when touch and delta pam fibers are stimulated 
together, and a true double pain from delta and C simultaneous activation, and 
that their respectiTO ehcitation may be a function of mtensity of stimulation 
Sensory pathways at the cord level segregate roughly according to modahty, and 
at least on a functional basis Those mediatmg touch discmmnation pass with 
the proprioceptive disonminative paths up the dorsal column to synapse m the 
medulla, and their reflex collaterals synapse chiefly with cells m the dorsal and 
lateral marina of the grey horn Pam and temperature fibers enter the tract of 
Lissauer and leave it near the level of entry to synapse m the substantia gelati 
nosa From here the poet-synaptic fibers cross to the contralateral spinotbalamio 
tract where temperature, pain and a residual touch looaliiation further eegregate 
dorsal to ventral in the order named The eegregatiou of the dorsal column dis- 
cnmmatoiy fibers from the rest at the root entry sono mto the medial and lateral 
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myelinated and non-myelmated, to make the functional cord segregation thor- 
oughly consistent with the assignment of modahties to their respective fiber sizes 
m the penpheral nerves Beyond the first synapses the sizes of the post-synaptic 
fibers have not been measured, and admixture with the ascendmg and descending 
pathways servmg other functions might render this difficult However, the ve- 
locities of the dorsal column contmuations of the larger fibers of the saphenous 
are slow and of smaller size than m the penpheral nerves (Gasser, 1943) which 
suggests that the value of large size and fast conduction pertains to cord functions 
rather than to those at higher levels 

One can only speculate as to the significance of this segregation at the cord 
level, although its correspondence with the classification mto modahties on other 
grounds offers convmcmg support for the significance of that concept At the 
pons and midbram level these separated pathways, together with correspondmg 
fibers from the cranial nerves which have segregated similarly, rejom to form the 
sensory lemmscus passmg to the thalamus So far as is known, touch pam and 
temperature do not have discrete projection areas m the cortex, although they 
may have m the thalamus The discnminatoiy sensory components are the ones 
making connection by collaterals with the cerebellum, via cells of the cord adja- 
cent to the dorsal columns, and this may be a factor mvolved m their spinal 
segregation From the facts, however, that the segregation takes place at the 
level of entry, and that reflex connections are made near that level, and that the 
reflex responses to stimulation of different modahties are qmte different, one 
might mfer that the cord segregation served pnmanly cord functions, and a 
search for its rationale nught be made m those aspects of cord organization more 
primitive than is sensory projection to the higher centers This would be con- 
sistent with the view that higher pathways for pam, touch discnmination, cere- 
bellar projection, etc , were added at different phylogenetic stages to a funda- 
mental cord pattern of afferents servmg basically spinal cord activity 

Differences tn reffex effects of stimulatmg fibers of different size, and hence of 
modahty, seem to support this view that the spmal segregation is essentially 
spinal m sigmficance, a view with which the reduction m size of large fibers after 
they send collaterals to the cord neurones is consistent Whatever may be the 
utihty of consciousness m orgamzmg body activity, its mcreasmg dominance over 
body reactions must have utdized the pattern of organization of animals with less 
elaborate cortices The function of the bram as a physiolognial device is to mte- 
grate the activities of the lower centers for more complex or more “purposeful" 
activity The addition of “voluntary” activity on the motor side, and of con- 
scious sensation on the afferent side to provide a motivation for this activity, is 
only a further elaboration of the fundamental plan of activation of motor organs 
m response to stimulation of sensory endmgs by Way of a central synaptic region 
of the cord segment From this pomt of view sensation itself is an mcidental if 
effective refinement, the apical efflorescence on the afferent tree whose lower 
branches still bear most of the fruit The preoccupation of the most self-conscious 
of ft-mmala with their own emotions to the extent of narcissism has unhappily led 
to the isolation of “sensory” physiology from the field of response to stimulation 



CUTANEOTre SEtfBE 


86 


While it IS true that in oertam respects the ultimate as well np the meet sensitive 
and significant critenon available to the physiologist is the response in oonsaoos- 
ness of the human subject, this event m consciousness is only one of a group of 
response activities m general consistent ■with each other and fundamentally 
related It is perhaps not beyond the bounds of rational analysis to speak of 
modalities of reflei, as of sensory activity 

This point of view has not dominated the field of reflei physiology, with the 
result that evidence to elaborate it IS sketchy and often incidental. It is generally 
recognised, however, that pain m particular is peculiarly reflexogemc to muscles, 
a realisation facilitated no doubt by the fact that the anesthetic emplo 3 red m 
many amma] expenments suppresses effectively the reflex response to any stunu- 
lus less drastio Dilatation of the pupil, respiratory and circulatory mcreases, 
e’ven more than skeletal muscle contraction are specific enough to be taken con 
■ventionally as signs of painful stimulation even under anestheaa Many re- 
fleies from skm affeients are called forth by touch, and can bo demonstrated by 
electncal stimulntlon of afferent nerves m hghtly aneathetised animals at a 
strength c£ shock ■which the nerve record shows to mvolve only fibers larger than 
delta (Bishop and Heinbecker, 1936) Not too much is known concenung re- 
flexes to temperature stimuli boiow threshold for pam, but the famillaT changes in 
sHn blood supply and sweatmg are obviously reflex. Stimulation of delta and of 
C fibers of the saphenous separated by differential block (Bishop and Heinbecker, 
he) gives a suggestive picture of different patterns of reflex responses With 
slowly repetitivo shocks to delta fibers, each stimulus calls forth a twitch of the 
gastrocnemius, each twitch followed by an aftor-dischargo if frequency or strength 
is Buflicient This is m effect a "flicker” phenomenon, and as the effectiveness of 
stimulation is mcreased, fusion of individual responses takes place by mcrease of 
after-discharge to a sustained muscle contraction When C fibers only are 
stimulated, no twitches are obtained, the response to smglo effective stirouh being 
a scattered disohargo of muscle elements Fusion to a steady contraction takes 
place at a much lower frequency, and with no abrupt contractions even approach- 
mg a tmteh Grantmg that temporal dispersion m the slowly conductmg C 
fibers may play a part m this phenomenon, one is tempted to compare these two 
muscle reflex patterns to the pattern of central activity that must underly pnek 
and ache, respectively 

To some extent, then, the excitation of each modality of sense also excites 
reflexes equally characteristic of that modality, and equally appropnate for 
adjustmg the animal to a changmg environment That two kinds of pain mech- 
anisms even, delta and C, have different characteristics is supported by the effecta 
of anesthesia on their central connections. 

When dial is employed, for instance, stimulation of delta pam is relatively 
ineffective as compared to stimulation of C fibers (Clark, Hu^ics and Gasser, I o ) 
judged by reflex responses in cats When ether is administered C fiber reflex 
responses are entirely suppressed at an anesthetic level permitting brisk muscle 
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in animals may depend on the condition of the animal much as do conscious pain 
sensations in the human subject 

A feature of this situation not sufficiently considered is the existence of non- 
painful “pam”, which m casual expenence must mvolve the contnbution to many 
complex and non-painful sensations of components assignable techmcally to the 
pam modahty Aside from the fact that persistent electrical stimulation of pain 
spots below threshold for pam mduces itch, the scratch which follows, not to say 
pursues the itch, whatever else it accomplishes must stimulate also pam endmgs, 
m the paradoxical suppression of a phenomenon m its own modahty Once the 
threshold, not of pam reaction, but of the perception of the minmnal reaction of 
pam endmgs is recognized, the low threshold of this response penmts participation 
of pam endmgs m any contact more drastic than the blandest touch Br ushing 
the scalp, moppmg the brow, vigorous rubbmg and especially mild scrapmg of any 
surface and firm mampulation of tools, instruments, rough surfaces, etc , must 
constantly activate pam endmgs, which participate m discrimination, information 
and control of environmental objects far short of that activity mducmg the pro- 
tective reaction or the apprehensive emotion usually associated with pam 

The activity of skin sensory endings FoUowmg the classical experiments of 
Bhx, Goldscheider and von Frey, the study of skm endmgs was for a penod di- 
rected largely to the location and histological identification of specific sense 
organs A study by von Frey (1896) of the difference m the character of skm 
distortion which activated preferentially touch and pain endmgs led hun to as- 
sign touch stimulation to simple pressure distortion, pam stimulation to hydro- 
static pressure differentials due secondarily to distortion A mathematical 
formulation of the supposed stresses accounted for the differences m actual 
thresholds Many subsequent experiments varymg pressure and area of the 
stimulus object added httle to the understandmg of the essential character of 
sensory excitation The findmg of specific selectivity of penpheral endmgs was 
complemented by Mueller’s doctrme of specific nerve energies that however a 
sensory pathway was excited, its activity aroused the sensation characteristic of 
its central apparatus 

With the development of electrical recordmg of nerve impulses, and Adnan and 
Bronlds (1928) techmque for recordmg from smgle sensory fibers, a third factor 
became apparent, different sense or^ns activate their nerve fibers to different 
patterns of responses, each appropnate to the function which the given structure 
serves at the reflex or sensory level The chief differences m pattern mvolved 
may be summarized under the terms adaptation and after-discharge, a fallmg off 
of frequency under a constant stimulus, and a contmuation of activity after the 
stimulus 18 removed They seem to be to some degree mdependent vanables of 
sense organs 

How these properties are detenmned at sensory endmgs is unknown With the 
exception of the simple retina of Limulus (Harthne and Graham, 1932) and by 
analogy peiiiaps the retmogram of higher forms, no response of any sense organ 
has been directly recorded, at least if one presumes that the sensory endmg differs 
m action from the fiber it activates Cogent arguments have been presented that 
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it does differ (Bronk, 1936) This is demonstrable m the Limulus eye m that 
a long-lasting slow wave from the retinal cell body is accompamed by a tram of 
typically bnef impulses m the nerve fiber activated Otherwise the only infor- 
mation we have is derived from the temporal pattern of impulses m a sensory 
fiber when its endmg is stimulated For instance, since responses mtaotilo fibers 
may follow the stimulus frequency apphed to the slnn to as high a rate as the fiber 
iteelf can be stimulated, Adrian, Cattell and Hoagland (1931) conclude that the 
tactile endmg must have a refractory period as brief ns that of its nerve fiber 
But whether this really means that the sense endmg itself responds repeatedly at 
such a rate, or merely that each stimulus raises its persisting excitation to the 
pomt where it discharges its fiber, is not so oertam Other evidence mi^t sug 
gest that some sense organs at least do not respond in an all-or nono manner, 
but rather undergo a more persistent and graded excitation which activates the 
fiber periodically as a steady galvamo current does, at a frequency dependmg on 
the strength of the stimulus and decreasing with adaptation of tbe fiber to the 
stimulus 

Ihe nature of adaptation, of sense organ, nerve fiber or central synapse, is not 
clear, it is ex emplifi ed in the relative meffeobveness of slowly mcreasmg stimuh, 
and in the fact that a change in mtenaity of any stimulus is more effective than a 
steady state, and appears to be a property of all irritable tissues to all stimuli 
However, adaptation m excitable tissues can be matenally modified In nerve 
the deprivation of calcium reduces it, at the same time mcreasmg the imtabihty, 
until the fiber may respond spontaneously Treated with oxalate, frog touch 
endings, normally rapidly adaptmg, adapt more slowly, like normal pressure 
endings (Talaat, 1933) and finally become siiontaneouBly and repetitively active, 
when adaptation is either abolished or effectively masked- It is peeaible that the 
effect of inflammation on pam response may involve changes m adaptation On 
tbe other hand as the “sense organ" should perhaps be considered as the whole 
complex of tissue surroundmg tbe nerve endmg which conditions the transforma- 
tion of apphed energy Into nerve impulses, (supra) the mechamcal properties of 
tissues undergomg distortion or physical stress will mtroduce a factor appearmg 
as adaptation For instance, Nafe and Wagoner (1941) find that stimulation of 
contact endmgs paraDels motion of tbe tissue under the stimulus, and conclude 
that adaptation consists of tbe gradual decrease of motion as resistance to further 
deformation balances the distorting force Adaptation is thus assigned to the 
non nervous tissue surroundmg the nerve endmg Although it is common ex- 
perience that adaptation to adequate stimuh may not be comjdeto oven after an 
mdefimte tune for mechanical adjustment to apphed energy, and that adaptation 
takes place to stimuh mvolvmg no motion in tissues, it is still possible that any 
factor mducmg a decremont m effectiveness cither of stimulus mtensity or of fiber 
imtabihty win appear as adaptation under othermso constant conditions 
In terms of nerve fiber response, the oharactcnstio pattern of a number of sense 
organs has been described, and Bronk (1934) has discussed the correspondence of 
these patterns to tbe typo of sensation or reflex response on the one hand, and to 
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receptors of the lungs (Adrian, 1933) and of the carotid sinus (Bronk and Stella, 
1935) adapt only shghtly to persistent stretch, and show shght after-discharge 
Muscle stretch receptors (Bronk, 1929) adapt but httle, and these and the 
receptors of the carotid sinus actually exhibit what might be called nega- 
tive after-discharge, a silent penod accompanymg reduction of tension, which 
IS followed by a reduced rate correspondmg to the new tension Pam recep- 
tors (Tower, 1940, Hogg, 1936) adapt but httle or even show the opposite 
phenomenon, mertia, mdicated by a progressively mcreasmg response durmg 
constant stimulation, and they show a persistent after-discharge Tactile end- 
mgs adapt with extreme rapidity and completeness (Adnan, Cattell and Hoag- 
land, 1931) without any after-discharge, although removal of the steady stimulus 
acts as a second stimulus Pressure endmgs m the skm or subcutaneous tissues 
adapt much less than do touch endmgs, and their after-discharge has not been 
specifically reported In the optic (Harthne, 1938) and auditory nerves (Galam- 
bos, 1944) an array of fibers is found which if classified m terms of adaptation and 
after-discharge not only covers the gamut of sense-organ combinations, but 
raises the question of the significance of these terms Some fibers show prompt 
adaptation, with no response at cessation of stimulation, some respond at cessa- 
tion as well, others show but shght adaptation, or show a relatively silent penod 
followmg an imtial burst, followed agam by a higher discharge, still others fail to 
respond durmg a stimulus but respond ohly at its termination Some of these 
phenomena may be comphcated by the fact that the impulses are recorded post- 
synaptically to the sensory ganghon cells, which suggests that further mvestiga- 
tion at the cord level of cutaneous sensory pathways might be profitable, m 
elucidatmg the modification of impulse pattern along the pathway from penphery 
to cortex In other words, adaptation and after-discharge may occur centrally 
to further modify the message to the center mitiated by a given penpheral stimu- 
lus, compromismg somewhat the mterpretation of sense organ action from the 
report of the course of sensory expenence 

Still these differences m pattern of response of sensory endmgs, plus the modifi- 
cation of pattern at synaptic regions, must largely determme the form of the 
message received at the conscious level from a given pattern of stimulation 
Granted that the sense organ is imtiaUy selective with respect to different forms 
of energy, to what extent is its response, however stimulated, also characteristic 
of the modahty it serves? 

For pam and contact senses, obvious correlations exist between sense organ 
action and the type of information to be conveyed to the center (Adrian, 1928, 
Bronk, 1934) A threat of danger mediated by pam endmgs would be misleadmg 
if the sense organ respondmg ceased to act before the stimulus were disposed of, 
but the vibratory sense served by touch would be meffective unless its sensory 
receptor were “dead beat”, that is, promptly adaptive and without after-dis- 
charge Pressure and tension endmgs, non-adaptive and extremely sensitive to 
changes m stress m terms of frequency of response, follow persistently and 
flexibly any changes m their environment that affect them at all Concermng 
the temperature senses less is known m this respect, smce animal experiments so 
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far dealing ivith these probably Included responses of pain endings as ivell ns of 
temperature endings to beat, but it is safe to anticipate a spnilar correlation 
It may be noted that witbm tbe one “touch” modabty, two types of endings, 
selective for two different aspects of contact, touch and pressure, transmit to 
consdousness two characteristically different types of pattern from a given pat- 
tern of stimulus 'Within the pam modabty a further differentiation is evident, 
m which one type of endmg reduces different quahties of sensation by m e ans of 
impulse patterns imposed on it by different Btnnuh 'While tbe different varieties 
of touch sensation, simple contact, moving contact or rubbreg, repetitive contact 
or vibration, etc , may be readily recognised to have the common factor of bland 
touch, actrvation of "pain” endings runs a gamut of sensationB from an indifferent 
contact sense throu^ itch, pnck, bright pare and ache (Bishop, 1948) To 
verify the assignment of all these sensations to one and the same type of ending 
electncal stimulation is useful for several reasons Urst the threshold for pare 
to electncal ahocta is lower than for any other modality of elan sense Thus, if 
itch, for instance, is not induced by stimulation of pam endings, at least it is not 
assignable to touch, pressure or temperature endings Further the premsion 
with which bnef shocks can be mampulated into patterns of repetitive stunuh, 
and partioulariy tbe poesibOity of applying and removing them indantly, permits 
a preciBe knowledge of the applied stimulus for comparison with the response 
■While it is not feasible to record directly from nerve fibers re conscious subjects, 
knowledge gamed from animal experiments permits the pattern of nerve re- 
sponse to be inferred from the stunulus, to be then compared with the sensation 
reduced It is then not impossible to refer from the sensory responses to speofic 
patterns of stimulation the more complex patterns of response corresponding to 
more casual contact with the environment 
Within these conditions, a persistent and annoymg itch quite similar to that 
of an insect bite, is set up by rapid repetitive stunuh, each shock so weak that 
summation of the effects of several is required to produce any sensation at all 
It has a long after-effect, presumably due to the after-discharge charactenstic of 
pain endings, which is promptly allayed by rubbing or ecrntchmg From the 
type of stimulus which induces itch, one may infer that the rehef of itch by 
seratching is brought about by breaking up the monotony of nerve fiber response 
reducing the itch, not by abolishing the activity Itch also follows sharp prick 
as an after-effect of sre^ stronger shocks To weaker single shocks, bright pnck 
without itch IS ehated, repetitive shocks as slow as 6 per second show pronounced 
summation, the overall sensation mounting over a penod of one-half to one sec- 
ond, punctuated by increasingly sharp stabbing pnck Above this range of 
strength pnck shades gradually into pare, and pare that is received without aver 
sion into pain to which the hardiest subject will finally protest In these vnnoua 
gradations frequency of repetition and intensity of shocks are equally effective in 
datorminmg the amount and quahty of sensation, indicating the effectiveness of 
both spatial and temporal summation, and of the summation of the after-dis- 
charge of one volley with the response to the next Adjacent pain spots also 
suramnto effectively In this eequcnco of sonsations, foreknowledge of the 
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stimulus pattern permits a further qualification of the character of sensory 
discharge correspondmg to each sensation 

The threshold contact sense of the pam modahty is merely the minimum of 
any activation which is able to break through mto consciousness, too limited m 
amount to be discriminated Itch corresponds to a slow but persistmg and uni- 
form frequency of fiber response, which even follows the sharp pnck of a smgle 
strong shock by reason of the gradual falling off of the after-discharge, approach- 
mg a steady frequency Pnck and pnckmg pam differ from each other only hy 
mtensity of stimulation, therefore m number of fibers activated and the frequency 
of their response, that is, m the total number of responses per umt tune amvmg at 
consciousness from a given locus Achmg pam differs from pnckmg pam appar- 
ently by reason of duration, that is, by the degree of central summation over tune, 
of strong stimulation Its characteristic tone is not mduced by one shock, how- 
ever strong, nor by any number of shocks if weak Only myelmated or delta 
pam has so far been analyzed m this respect 

While the pam modahty exhibits perhaps the greatest quahtative range of 
sensation, touch is notonously discrumnative of the character of the stimulus 
object (smooth, uneven, movmg, etc ) even when other modahties can be ex- 
cluded from stimulation Skm tickle is apparently a form of touch as itch is of 
pam It seems to require an mtermittent stimulus, or successive stimulation of 
adjacent pomts (movement) and stimulation below a certam mtensity It can 
be famtly ehcited by a hair attached to a tunmg fork on one touch spot on the 
pahn of the hand at an mtensity below threshold for pam spots, but is mcreased 
by movmg the vibratmg hair across successive touch areas A wisp of cotton 
moved hghtly over the upper hp can cause excruciatmg tickle, which is not ob- 
tamed, however, if the pressure is mcreased, nor is it obtamed by the hghtest 
pressure from a mass of cotton that stimulates a larger area of the hp at once, 
even by a movmg contact The temperature senses are probably less flexible 
m this sense, although then complex summation mth touch and pam to give 
wet, hot, clammy, etc , are obvious 

It will be apparent that these gradations m sensation withm one modahty 
connote most effective summation, spatial and temporal, at the conscious level 
of the effects of mdividual nerve impulses In contrast to this, Wolff has been 
quoted m the hterature to the effect that pam is not summated Wolff’s careful 
and defimtive statement, however, (1943) is that “beyond a minimcd limit m the 
normally innervated skin the threshold for pam was dependent alone upon the 
strength of the stimulus and not on the number of sense organs stimulated 
although the total distress to the mdividual is dependent both upon the mtensity 
of the stimulus and the size of the pamful area ” (Itahcs ours ) Further he 
notes that m nerve lesions reducmg the density of pam endings even the threshold 
for pam is mcreased This is to state that the perceptual threshold of first 
pnck from a few endmgs is the same as that from many, provided that those 
few endmgs are normally concentrated, but that the reaction to pam depends 
upon the number of endmgs stimulated, as well as upon the number and frequency 
of discharges from each, that is, it is a function of the total number of impulses 
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per unit tune Since this rcadion to pain is to the casual sufferer pain itself, to 
quote OTthout technical qualification that pain is not summated conveys the 
opposite of Wolff’s findings as ivell as of his conclusions Wolff’s statements 
apply further only to spatial summation, and the fact that his threshold response 
IS measured at the end of a significant period of stimulation certainly does not 
oxolude temporal summation, although it does not necessarily mdicate it 

That the expenence of pam is about the most responsive to summation, 
espedally to temporal summation, of any of the cutaneous senses, at least more 
so than touch, would epitomize common expenence, and experimental stimula 
tion of mdividual pam spots confirms this It reveals further a pecuhar relation 
ship between summation of mtensity or of effect of sensation, and two-pomt 
discrimination for pam (Bishop, 44a) in that one tends to exclude the other 
m consciousness This is consistent with the fact that pam is both a dlscnmmat- 
mg and an affective sensation, being localized almost as well as touch, while 
capable of arousmg an emotional effect more vigorous than that of any other 
sensation Consciousness appears to be to some degree limited to a choice 
between discrimination of locus and evaluation of quantity, and that choice is 
conditioned by penpberal as well as by central factors, that is, by the spatial and 
temporal pattern of impulses reachmg consciousneas as determmed by the pattern 
of stimulation 

Discnmination m general, of locus or of mtensity, is poor near tbe threshold of 
stimulation for any sense Above threshold of perception, increase of centra] 
effect can be a function of at least three variables m the periphery, mcrease m the 
number and frequency of impulses from a given sensory ending or group of them 
corresponding to temporal summation, mcrease m the number of endmgs 
activated wrthm a given modahty, comprising spatial summation, and changes 
in relative degrees of activity of different modahties, or tbe overall pattern 
Increases m total stimulation of any pattern may have both quantitative and 
quahtative effects. Moreover, smee the stimulation of a single endmg, or oven 
of endmgs of a smgie nerve fiber, is usually accomplished only under highly 
technical conditions, "pure” sensations, not to say simple stimulus patterns, 
are the excepbon m ordinary expenence Shghtly above an mtensity smtable 
for touch, pam endings are liable to bo stimulated below threshold for pam, and 
thus contnbufe to contact sense Fusion of contact and temperature senses 
is so usual as easily to escape notice, the sensatjon being given a special designa 
tion as wet, slimy, etc., or the contact aspect is ignored, although it contributes 
to tbe quahty of the temperature sense Similarly touch, pressure and muscle 
sense are compounded in the estimation of weight or force In these complex 
patterns each aspect of the stimulus serves as a clue to the interpretation of tbe 
others in evaluatmg the external object or agency furnishing the stimulus 

Aside from the associated emotional effect, the useful perception of sensation 
involves discrimination of mtensity, quahty or space Granted that mtensity is 
obviously a function of frequency or of total number of impulses, and that modal 
itj (quahty) is a function primarily of specific central connections, however 
complicated by concomitant circumstances central or peripheral, the question 
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remains, wliat aspect of the sensory pattern permits discnmmation m space 
The naive inference that spatial locahzation could be accounted for by direct 
spatial projection of the penphery on the cortex, with separate pomt-to-pomt 
connections by means of simple end-to-end chains of neurones has met with too 
many difficulties to be enumerated here, but enough to demand a more comph- 
cated explanation, and perhaps an explanation of more than spatial perception 
It must be granted that some degree of locahzation of the penphery on the cortex 
IS mdicated by the separate projection areas of the special senses, by the repre- 
sentation of successive regions of the body along the central sulcus, and 
particularly by the reproduction withm the visual area of the geography of the 
retina Work on the jienpheral distnbution of sensory endmgs (reviewed by 
Tower, 1943) reveals that spatial locahzation, two-pomt discrimination, etc , is 
more precise than can be accounted for by the discrete distnbution of separate 
fiber endmgs over the body surface, and m fact reveals that wide overlappmg 
takes place m the ramifications of mdividual fibers What is known of the 
complexity of mtercoimections between parallel fiber pathways at synaptic 
regions, and which may be inferred to be especially pronounced at the cortical 
level, adds to the same difficulty Startmg apparently with a basis for crude 
locahzation m region-to-region, not to say pomt-to-pomt projection of penphery 
onto center, the bram has elaborated the fineness of its discnmmation beyond 
the limits which the degree of specificity of anatomical connections would penmt, 
and without a correspondmg mcrease m tha detail of such projections Without 
attackmg the problem of how consciousness perceives the pattern of activity of 
the bram, which must still be left m the realm of psychology, inferences are m 
order as to what patterns of activity reach the bram, correspondmg to the 
perceptual acts of which it is capable 

Such inferences have been made by Tower (1943) m the form of a theory of 
spatial localization, sunilar to an earher theory of Bethe (1896) Based upon 
experimental examination of the responses to mechamcal stimulation of smgle 
pam fibers of the cornea, and justifiably apphed to other areas of the body surface 
and to other modahties. Tower employs three findmgs, that the neurological 
umt IS one fiber and its ramifications, without anastomosis between fibers, that 
the ramifications of smgle fibers overlap widely, and that different regions of the 
area of ramification of a given fiber show differences m the properties of adapta- 
tion, excitabihty, refractormess, etc If then a pomt stimulus is near threshold 
mtensity, only one fiber may be activated, and even if projection to the cortex 
were sufficiently discrete to permit of the discnmmation of one fiber’s responses, 
the area of distnbution of that fiber is too extensive to jienmt as precise localiza- 
tion as stronger stmiuh are found to make possible If now the stimulus is 
mcreased, different fibers with endmgs near the pomt will be activated to charac- 
teristic patterns of impulse discharge, which depend on the region of each fiber’s 
distnbution that comcides with the stimulated pomt The central bram must 
then recogmze as a sensory “pomt” that pattern of different responses m over- 
lappmg fibers, and not the whole area reached by branches of one or all of the 
fibers activated A given fiber might then be utihzed m the identification of 
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pomts BDjTvbeiB Twthm its (iistnbutwn, its activity contributing to different 
patterns depending on what other fibers were acti\ated with it, and to nhat 
degree Following nerve block or destruction when the concentration of endings 
from other nerves at the margin of the denervated area is reduced, locahiation 
IS less precise because fewer fibers can contribute to an adequate pattern of 
response The sensory spot is thus a central mterpretation of a penpberal 
configuration of activation This local "sensory spot” configuration is pre 
S lime d to consist of a central region of one fiber’s distnbution where this fiber 
IS most sensitive and can respond maxunally, surrounded by the terminal 
ramifications of other fibers whose responses will be less vigorous to a given 
stimulus, m a more or less heterogeneously overlapping penpheral network. 

Minor refinements of this idea may be m order as more details become available 
conceming the distributions of nerve endmgs m different tissues, without render- 
ing the basic proposal less plausible In the sign of the arm, for instance, after 
removal of the papillary layer of dermis eontainmg most of the pam and touch 
terminals, discrete nerve twigs are found upon stimulation of the cut surface, 
and can bo demonstrated histologically dimng regeneration of the pam spots 
(Bishop, 1944b), tho center of a pam spot developmg over each growmg twig 
Accountmg thus to some extent for the anatomical mdividuahty of pam spots, 
their physiologicnl individuahty is still conditioned by the circumstances noted 
above, and m tact successive anesthesia of adjacent nerve branches with over- 
lapping distributions reveals that some spots at least are partially blocked from 
each nerve, m confirmatian of the histological observation (Weddell, 1941) that 
many sensory units are multiply innervated from branches of separate fibers 
This agam demands that localization must depend on more than tho activation 
of one fiber, and suggests that the anatomical arrangement mto penpheral 
twigs, of whatever fiber source, accomplishes a local concentration of endmgs 
smtable for the activation of a pattern of stimulation that can bo effectively 
discriminated 

It is obvious here that the idea back of the term "sensory unit” has been a 
confused one Actually wo may speak of three types of imits m this connection 
There is first the anatomical neurone umt, consistmg of one fiber and its more 
or less extensive ramifications, overlapping with but insulated from everj other 
umt in the periphery Secondij , there is a structural umt consisting of the end 
ings supplied by terminal fiber branches of one nerve twig to an overlying area of 
skin, tbe sensory spot, characterized by havmg a most excitable pomt at its 
center end a less senaitivo penphorj Third may bo specified the phi-siological 
umt locus, which is the lower limit of area whoso position on tbe body surface can 
bo identified, or whose discreteness from adjacent units can be recognized m 
consdousnoss. The latter umt is variable, not onlj over different regions of tbe 
body but dependmg on the intensity of stimulation, sequence of stimuU and 
other factors The structural umt supphed bj one nerve twig tmd rccogmsable 
as a sensory spot is perhaps the lower limit of the physiological umt The 
ramification of a single fiber might bo considered the lower limi t of a eensory 
spot, when such a structure is found in isolation from overlappmg fibers When 
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such sunple sensory spots are found, as for instance m the margm of a denervated 
area, spatial discmnination is poor, and intensity perception and affect are abnor- 
mally acute This may be another aspect of the tendency noted above for spatial 
discnmmation and spatial summation of mtensity to exclude each other, and its 
analysis may contnbute to an understandmg of the “bummg pam” of the 
thalamic syndrome and similar states resultmg from impaired innervation 

The phenomena of spatial discnmmation may offer a practical approach to a 
more general understandmg of sensory processes Kellgren has suggested (1939) 
that pam from vanous parts of the body might be classified on such a basis 
He pomts out that there are three layers of sensation, the skm ivhere discrimina- 
tion IS most precise bemg the first, below which, m a second layer of deep fascia, 
penosteum and hgaments, locahzation is of only fair accuracy, not equal to that 
of the skm From all structures below this second layer pam is diffuse, poorly 
locahzed, and hable to be referred withm a segmental distnbution It is referred, 
m fact, to those regions of the segmental distnbution in which -pain is hetter 
localized, suggestmg that the segmental distnbution of diffuse pam, i e , the 
diffusion of pam reference to other parts of the distnbution than its ongm, is 
simply a false or imperfect locahzation It wdl presumably be true that rather 
than three distmct layers, a gradient or transition exists from surface to vis- 
cera, and even from one area of surface to another, and that the abdity to dis- 
cnmmate space wiU be a correlate both of the density of mnervation and of the 
expenence of the mdividual, i e , of trammg At least it can be said that pre- 
cision of locahzation vanes with the probabihty of specificity of stimulation, 
those parts of the body which are exposed to the most locahzed or defimtely 
patterned stimulation, the hands for instance, bemg the ones which are capable 
of the finest discnmmation 

This concept would seem to be apphcable to other senses than pam, particularly 
to the contact sense of touch, and especially to the vanous combinations of 
senses that give us our casual sensations What Tower’s theory proposes for 
touch or for pam, that what the cortex recogmzes as a imit locus is not a local 
stimulation merely but a specific pattern that is aroused by stimulation at a given 
pomt, IS even more apphcable to the more complex pattern mvolvmg both pam 
and touch, plus other modal vaneties to be fused mto a discnminatmg recogmtion 
of the character of the stimulatmg object To take an example from common 
expenence and umversally accessible, a mild itch is less accurately located than a 
severe one, it is more accurately located on the hand or face than on the back or 
thighs, and locahzation is extremely facihtated anywhere by hght touch, particu- 
larly by successive touch say from a movmg finger The tendency to mampulate 
or press upon poorly localized deep painful regions arises perhaps from an m- 
defimte impulse to better localize the pam, by addmg to it other more cnbcal 
sensations Such combmed sensations of which pam is a component are more 
easily bearable than is pam by itself, and the distressmg character of visceral 
pam may be m part assigned to this mabihty to locahze it precisely, that is, to 
fully evaluate it m total expenence 

It may be concluded m fact that only when the activation of one modahty 



CUTANEOtyS SENSE 


09 


predominates to such a degree as to exclude lesser activities from consciousness, 
or except where the same process of exclusion is accomphshed by dehberate or 
attracted “attention”, or when both factors are brought mto play as under most 
experimental conditions, is one justified m treatmg any one modahty of sensation 
as a discrete phenomenon Otherwise consaoiisness seems to pay much less 
heed to the concept of modahtiea than do the physiologists who try to differentiate 
between sensory processes 


BPMMABT 

It appears te the wnter then that the following statements are for the present 
tenable 

1 Both sensation as a central phenomenon, and the activity of sense organs 
in the periphery, may be convemently reduced to a common denominator m 
terms of the pattern of non-spedfio impulses m the fibers of peripheral nerves 

2 The concept of sensory modality has become a straight-jacket from w hioh 
the study of sensation may profitabiy be released, to the extent of relegatmg this 
vestment to the status of a loose fittmg generalisation 

3 The pathway to the higher sensory centers is interrupted at successive 
levels of synaptic regiona, where two processes can mtervene Fiist, mdividual 
fibers can mteract to accomplish spatial summation and mutual facihtation 
Second, collateral activation can result m reflex or other acbvitj charactenstio 
of the given level 

4. Each das of sense organs activates fibers withm sue ranges whose maxima 
at least are significantly characteristic, although the morgins of the groups over 
lap Touch and hght pressure show two maximn, in the beta and delta fiber 
mnges Pam shows two, m the delta and C ranges Warmth has one just below 
pam m the delta group, and cold has one just below warmth, and temperature 
cannot be exduded at present from a second representation m the C group The 
“waves” of clasdo nomenclature may m fact be the result of gross elimination 
of such functional groups The double representation of certam functions m 
two fiber positions may mean that two aspects of these senses differ m their 
physiological significance, although giving nse to one sensation m consciousness 
when aroused undiscmmnatively The utihtj of fiber sue distnbuhon is still 
a subject for speculation, and is widelj so employed 

6 The segregation of sensory pathways on theu entrance to the cord seems to 
be related chiefly to reflex function at the cord level, rather than to sensation at 
the cortical level 

0 Prom the pomt of view of utility to the organism the different reactions at 
different levels of a given sensory pathway are consistent and directed tonard a 
common end. One may speak of modahlies of reflex action ns justifiably as of 
sensation Sensation is only the final response of such a pathuay at the highest 
leial, and is not necessarily its most useful or physiologically significant one 

7 All the sensory pathways find expression at the reflex, thalamic and other 
levels The cortical projection area of a sensation is not necessarily the cortical 
locus of that sensation The sensory process presumably mvolves a considerable 
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amount of cortex and thalamus and possibly of lower centers, and the remainder 
of crude sense followmg mjury or removal of one region should be looked upon 
as mvolvmg a defect m the normal sensory response, rather than as isolatmg 
the focal representation of that sense The “thalanuc syndrome” may be viewed 
as a defective registration of pam, and similar overaction to painful stimulation 
may result from defects m the penphery 

8 Pam IS umque m the degree to which its arousal overflows mto affective or 
emotional protest, although other senses also share this capacity, which may be 
accentuated or depressed m abnormal mental conditions. Below a certam 
mtensity, whose level vanes both with mental and emotional states and under 
anesthetics and analgesics, pam may be perceived ivithout significant affective 
reaction Below the mtensity of stimulation required for pam, activation of 
pam endmgs mduces sensations quahtatively different from pam, as pnck, itch, 
etc , dependmg also on the pattern of stimulation These non-painful “pains” 
fused with touch and temperature may contnbute to the complex sensations of 
casual expenence not recogmzed as partakmg of the character of pam 

9 Sensation is a function of the pattern of responses of the nerve fibers reach- 
mg the higher centers This pattern, perhaps modified at successive synaptic 
levels, IS ultimately determmed by the pattern of peripheral stimulation The 
different classes of sense organs are not only preferentially susceptible each to its 
characteristic form of energy (mechamcal force, temperature, etc ) but also have 
properties of their own which affect the pattern of response m then nerve fibers 
Touch, pressure and pam for mstance show different degrees of adaptation and 
after-discharge to a steady stimulus, and thus set up charactenstic patterns of 
impulses m the penpheral nerves This emphasuies the fact that all parts of 
each sensory pathway are adapted to the useful performance of the particular 
t3q)e of function served 

10 The precision vuth vhich sensation may be locahzed m the body, that is 
with which sensation may detect which part of the body is bemg stimulated, 
vanes with the different senses, over different regions of the body, and at different 
depths below the surface The capacity to locahze accurately may be correlated 
with the utihty of the part m locahzmg objects m space, as well as with the density 
of innervation Sensation m a part mcapable of precise localization may be 
referred to the region withm its own segmental distnbution better able to locahze 
“Beferred” pam is then simply pam m a region poorly locahzable Smce 
locahzation over the more sensitive areas of the body is more precise than the 
rather vnde distnbution of the endmgs of smgle fibers would account for, it is 
necessary to account for a locahzable sensory spot as bemg determmed by the 
pattern of sensory discharges set up by a pomt stimulus m any nerve fibers 
part of w'hose sensory endmgs he withm the spot Consistent with this concept, 
a weak stimulus activatmg only part of these endmgs to an mcomplete pattern 
IS poorly locahzed In casual expenence where more than one “sensation” may 
be aroused by a given stimulus object, the whole is fused to a complex sensation 
m which each component serves as a cue to the mterpretation of the others, the 
more complete pattern of activity bemg agam the more accurately locahzable 
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THE ABSORPTIOX OF TRIGLVCERroE FAT 
FROM THE INTESTINE 

A C FRAZER 

UntrertUi/ of Birmingham, England 

The lapolytio HypothesiB of fat absorption has been put forward in ita most 
complete form by Venar and McDougall (193C) (1) On the basis of a number of 

experimental finrlmga which could not be reconciled with th i s conception of the 
mechanism of fat abeorption, Fraser (1938) (2) suggested the Partition Hypoth 
eais, and subsequent work has furnished added support for this aitemative 
view The essential pomta of difference between these two hypotheses are shoivn 
m table 1 It wiD be seen that there la general agreement on the main changes 
which fat may undergo durmg absorption Thus, the occurrence of emulsifioa 
tion, hydrolysis and phosphorylation, and the importance of bile salts and the 
adrenal cortex, are recognised by both groups of workers The differences he m 
the way these changes are brought about, and m their significance and relation 
ship to the absorptive mechanism The most recent assessment of evidence 
(Bloor, 1943) (3) was compiled before the full pubhcation of the experimental 
work upon which the Partition Hypothesis is based Reassessment, therefore, 
seems desirable, and m this review the differences of opmion shown m table 1 are 
analysed by the critical examination of the experimental methods used, the 
results obtained and their mterpretation m each group of problems Attention 
18 concentrated on the mechanism of absorption of triglyceride fats The related 
problems of phosphohpld and cholesterol abeorption ore not considered except 
in so far as they may be concerned with the absorption of triglyceride 
fVhai changes does fat undergo sn the tntesiinal lument The two mam changes 
which may affect fat m the intestinal lumen are emulsification and hydrolysis. 
The possible extent and mechanism of each of these changes can bo studied either 
in vitro, by e.xperimenta in which the various factors concerned are investigated 
under controlled, but rdatively statio conditions, or m vnvo, by the examination 
of material removed from the intestme Certain inferences especially with 
regard to the functions of these changes, can only be drawn from a more exten- 
sive survey of the experimental field. 

Emuhtficalion Ingested fat is finely emulsified m the upper part of the small 
mteslme so that the particles average less than 0 5 p m diameter It is now 
generally accepted that the reaction of the contents of the duodenum and 
jejunum is aad — about pH 6 5 (4) While more alkaline material may some- 
times be found, especially m the lower ileum, it is clear that the intestinal emul 
Bifying system must be effective at pH 0.5 Adequate critena should be apphed 
m experiments designed to demonstrate possible intestinal emulsifying systems 
The particle sue and etabihty should be checked microscopically under dark 
ground lUuminatioii, and the system should be tested under conditions similar to 
those provaihng m the intestme The system should mduce sjxintaneoua emul 
Bification without undue agitation and, if particulate absorption of fat is being 
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TABLE 1 

Mam pomis of difference between lipolytic and partition hypotheses 



1 Changes occurring in 
the lumen of the in- 
testine 

(a) Emulsification 

1 Mechamsm 

11 Function 

(b) Hydrolysis 

1 Extent 
u End products 


111 Function 


UPOivnc H T tH t rH r J Ta (1) (3) 


PAinnoN intPOTHBSis (2) (73) (IT) (31) 
(7) 


Acid soap 

To promote hydrolysis 


Complete 

Fatty acid and glycerol 


Essential preliminary to ab- 
sorption 


Triple complex fatty acid/ 
bile salt/lower glycende (7) 

To disperse unhydrolyzed fat 
preparatory for absorption 

Partial 

Fatty acid, di- and mono- 
glycendes and later gly- 
cerol (8) 

Provides } components of emul- 
sifying system Partitions 
fat into fatly acid and gly- 
cende fractions 


Passage through the 
outer membrane 
(free border) of the 
intestinal cell 

(a) Structure of brush Sohd pavement 

border 

(b) Fatty acids Pass through th( 


(o) Glycendes 


Pass through the membrane as 
soluble complexes with bile 
salts (39) 

Do not pass through the mem- 
brane 


(d) Adrenal cortex Not concerned here 


Changes ocoumng in 
intestinal cell 
(a) Eesynthesis 


(b) Phosphorylation 


(c) Adrenal cortex 


Essential part of mechamsm 
All fatty acid converted 
back to tnglycende 
A stage in resynthesis of tn- 
glycende fat (74) (76) 


Essential for normal phos- 
phorylation (66) 


Canal structure (44) 

Pass through the membrane 
either as soluble compounds 
or complexes 

Pass through the membrane as 
finely dispersed emulsion of 
negatively charged particles 
less than 0 6/i m diameter (7) 

Controls normal electrolyte 
balance which is closely re- 
lated to the absorption of 
charged particles (27) 


Not an essential part of the ab- 
sorptive mechamsm 

Not concerned with resynthesis 
but occurs at oil/water inter- 
face, as an essential change 
in interfacial structure, and 
probably elsewhere (10) 

Not concerned in phosphoryla- 
lation (61) 
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TABLE 1— CondudftJ 



LlfOlTPC BTTOTSXm (1) (J) 

rAiTma* arwDfn (2) (7J) (47) (JI) 

a) 

4 DUtributlon of ftb- 
fiorbod fatty sub- 
stances in the body 
(a) Fatty add frac 

After reayntheeis the trigiy 

Mainly passes by the portal 

tioQ 

eeride passes up laoteaia and 

vein to the liver (3) (31) (47) 

(b) Qlycende fraction 

thorado duct Into syatemio 
drouiation 

Negligible amoonta pass np 
portal rein to liver 

Not absorbed as such Hes 3 m 

To eyatemlo blood via laoteals 


thesiied from fatty add and 
^yeerol as described above 

and thoracic duct and so to 
the fat depots (47) 


considered, the droplela should be smaller than 0 6 /i in diameter, and stabDity 
should be mamtamed for at least 3 houra. 

It has been suggested that the bile salts provide an effective emulsifying system 
for fat In the mtestine It can easily be shown that purified bile salts will only 
give crude emulsification with low stabdity not comparable with that known to 
occur in the intestine Other authorities have attributed emulsification m the 
intestine to soap (6) While soap is an excellent emulsifying agent at alkaline 
pH, it will not cause fine emulsification at any pH level more aad than 7,6 The 
suggestion that aad soaps wili cause fine emulsification cannot be supported 
experimentally and such a system is quite meffectjve in the presence of calci um. 
Soap IS a much more effective emulsifymg agent if it is formed m situ at the 
oil/ water interface. This, of couree, occurs during hpolyms. Its action is also 
enhanced by the presence of chdeeteroi due to the formation of soap/choles- 
terol complexes (6) None of these modifications, however, will alter the 
pH-condiboned character of soap emulsification. If the possible factors, such 
as fatty aad (soap), cholesterol, bde salts and monoglycendes, are systematically 
examined, sin^y, or in double or triple combination, only one system fulfills 
the enterrn descrihed above and is effective over the pH range of 6 0 to 8 6 
This system is the triple combination of fatty aad/bile salt/monoglyceride (7) 
It can also be shown that adequate quantities of monoglyceride are formed 
during the first 6 hours of panoreatio fipolysis both in vitro and m vivo (8) 

Material from the mtesdnal lumen may be exammed analytically, or the mter- 
fnaal structure may bo studied by determining the protem fiocculation pattern 
(9) or the effect of eniymes The emulsion is found to contam fatty aads, and 
tn , di and mono.glycendes, no phospholipid could be demonstrated. The 
flocculation pattern of the mtcstinal emulsion is that of simple negatively charged 
particles (10) which are not affected by CL welohu ledthlnase (11) These 
findings would fit in with the conception that the fat emulsion particles m the 
intestinal lumen are stabilised with lower glyceride and fatty amd/bile salt 
complexes. 
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It may be concluded that of the vanous emulsifying mechanisms suggested, it 
IS only the tnple combination of fatty acid/bile salt/monoglycende which has 
been shown to be Effective under the conditions prevadmg m the mtestme The 
vanous components of this system are readdy available due to hpolysis and bfle 
secretion Phosphohpid, cholesterol and other substances may, perhaps, be 
secondarily involved m the mterfacial film, but it seems that they are not essential 
to the fine emulsification of fats m the mtestinal lumen The functions of this 
emulsification may be to provide an mcreased mterfacial area for subsequent 
hydrol}^, or it may be concerned with the absorption of finely dispersed fat m the 
unhydrolysed state The discussion of these two possibihties must be deferred 
until other pomts m the evidence have been reviewed 

Hydrolysis “Lipase” may be one en 2 yme with many different actions, one or 
other of which may be emphasized by different combinations of activators and 
inhibitors, or it may consist of a group of esterases For the present it is more 
convement to consider these actions as bemg due to different enzymes, and the 
term “hpase” may, with advantage, be restncted to those which mainly act on 
the glycendes of the long-cham fatty acids Many of the observations on the 
action of pancreatic hpase have been made usmg esters of butync acid as the 
substrate While this may be convement for enzyme studies, it is unwise to 
apply such experimental findings unreservedly to the problem of long-cham 
tnglycende hydrolysis, smce separate enzymic activity toward these vanous 
substrates can be differentiated (12), (13), (14), (16), (16) and butync acid is 
water-soluble m contrast to most other fatty acids 

The mam source of hpase m the mtestmal lumen is the pancreas, al- 
though some may also be demonstrated m other mtestinal jmces or denved from 
bactena (17) Tlie imtial flow of pancreatic jmce, which is probably neurogemc, 
IB nch m hpase, whereas the flow due to secretm has a poor enzyme content (18) 
Harper and Raper (1944) (19) have descnbed another hormone, pancreozymm, 
which stimulates the production of amylase and trypsmogen, mcrease of hpase 
has also been demonstrated (20) It is generally agreed that mgested tngly- 
cende IS hydrolysed by hpase m the intestinal lumen The extent to which 
hydrolysis occurs and the nature of the cleavage products m the mtestme are the 
mam pomts upon which opmion differs 

The percentage hydrolysis of tnglycende by pancreatic hpase m vitro is found 
to be influenced by the length of the experimental penod, the relative amounts of 
oil and hpase and the degree of dispersion of the former, the presence of activators 
and the pH of the contmuous phase, tmd the accumulation of cleavage products 
The relationship of these factors to other evidence and their possible sigmficance 
m the mtestmal lumen must be assessed 

Observations of hpolysis may be made over any tune penod, but it is only the 
changes which occur dimng the first few hours that are of significance m 
relation to the absorption of fat from the mtestme It has been frequently stated 
that the peak of fat absorption m the human subject is reached some 6 hours 
after takmg a meal contammg fat This is only true when excessive amounts 
of fat are ingested If normal quantities, such as 30 grams are taken, the 
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maxnnum systemio lipemia usually occurs m 2 to 3 hours and the blood fat 
lerels have returned to normal -within 4§ hours (21) The ^elay in the case 
of high fat diets is due to the increase In stomach emptying time In any 
case the significant time penod for intestinal hpolysis is less than 6 hours, smce 
the fat is not m the small mtestine for any longer penod 
The initial stages of lipolj’sis may be rapid, but the rate soon declines and 
comes almost to a stop before 30 per cent of the contamed fatty acids have been 
liberated. The addition of more hpase causes no mcrease m hydrolytic rate, but 
addition of more substrate may do so (16), although this anil not increase 
the percentage hydrolysis Changing the rclabve proportions of ml to hpase 
alters the extent of hydrolysia which occurs m a given tilne, but the final 
percentage Is not raised above the limiting -value The quantity of fat ingested 
by dogs or human subjects may be increased up to 200 to 300 grams/day -without 
any significant dimmution of the percentage absorbed (22), (23), (24) A relative 
mcrease of hpase to od may be achieved either by the passage of small amounts of 
oil mto the mtestme, by adaptation of the composition of pancreabo jmce or by 
the administrabon of addibonal ensyme The mcrease m emptying time of the 
stomach due to excessive mtale of fat might be an example of the former mech 
aniam Chylomicrographs (26), (28) made under these conditions, however, show 
a shift of the hpaemic cun e to the nght rather than any tendency for the hpae- 
mm to be fracbonated over a longer penod (27) There is evidence that only the 
initial flow of pancreabo jmce contains much hpaso and that the subsequent flow 
consists mainly of -water and salts (18) If this is tiie case, no great change m 
the relative amounts of oil and hpase will result. The evidence on the adaptabon 
of the enrymes of the pancreabo Juice to dietary intake is conflicting and this 
problem requires further in\ esbgabon (28), (29), (30) 

The addibon of potent hpase to a standard fatty meal causes suppression of the 
normal post-absorpbve lipaemia and other changes which suggest that the per- 
centage hydrolysis has been increased (31) This can only be e.xplnined at pres- 
ent on the assumpbon that the amount of hpase normally present is very small, 
or that special condibons are created which allow a high percentage to occur 
The hmitabon of hydrolysiB in vitro can be readily demonstrated oven if the oil 
is finely dispersed to a degree comparable -with that found m the intesbne (32) 
It docs not seem likely therefore that fine emulsifioafaon alone can explam the 
occurrence of the high percentage hydrolysis required by the Lipolybo Hypothe 
sis. Furthermore, if absorption of particulate fat occurs, the finely dispersed 
material will be rapidly removed from the mtestmal lumen. 

WiHstlltter and his colleagues (33) demonstrated several substances which 
activate hpase, of which the most important are the bile salts, albumin and cal- 
cmm deate These substances are probably non-specifio activators which help 
to bmd the -water soluble hpase to its insoluble substrate Elaborate systems of 
activators can be built up which -will stabihie hpase activity While this is 
necessary lor the study of en»yine kmebcs, the findings of such experiments are 
often not applicable to the systems found m the intestinal lumen. Even if these 
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activators are used, the percentage hydrolysis is not increased in the significant 
tune period exceijji under special cucumstances such as those devised by Balls, 
Matlack and Tucker (34) There is no evidence of any complex activatmg 
mechanism necessary for hpolysis in the small mtestme Hydrolysis and absorp- 
tion of fat appear to be normal m the absence of any sigmficant quantities of 
albumm or calcium oleate Absorption is mterfered with m the absence of bile 
salts, but this can be well explamed on other grounds, and the percentage hydroly- 
sis of fat under these conditions iS often normal (35) 

The decreasing rate of hydrolysis has been attnbuted to the estabhshment of 
equihbnum due to the accumulation of cleavage products m the water phase, and 
it 18 claimed that m the mtestme the removal of fatty acid and glycerol by ab- 
sorption wdl allow hydrol 5 rsis to proceed rapidly to completion It is doubtful, 
however, whether it is justifiable to apply the Law of Mass Action m this way to 
a non-homogeneous system where many other factors are obviously mvolved in 
the determination of hydrolytic rate One factor which has not received suflfi- 
cient attention is the relationship of the amounts of fatty acid and hpase to the 
available oil/water mterface As hydrolysis proceeds the mterface must become 
loaded with oil-soluble cleavage products, especially those which contam hydro- 
phihc groups It is mevitable that an accumulation of fatty acid will tend to 
displace the enzyme from the oil/water mterface with consequent mterference 
with hydrolysis This effect can only be avoided if the cleavage products can be 
removed from the mterfacial film They might be shifted either mto the oil 
phase or mto the water phase The former could be achieved m the case of fatty 
acid by suppression of ionization of the carboxyl groups, but this would also 
result m the breaking of the oil-m-water emulaon The fatty acid might be 
removed mto the aqueous phase m three ways, as fatty acid, soap, or water- 
soluble complexes Only the lower fatty acids, such as butync acid, are water- 
soluble, and it may be significant that tnbutyrm behaves differently from the 
long-cham tnglycendes on hydrolysis both m vitro and m vivo (36), (37), (38) 
The removal of fatty acid as soap depends on pH, and any extensive removal of 
fatty acid from the oil/water mterface at the mtestinal pH of 6 5 cannot be 
demonstrated m vitro (27) In a more alkalme environment this mechanism 
BQight be more effective Fatty acids form complexes with bile salts, which are 
water-soluble and diffusible through artificial membranes (39) These diffusion 
experiments have been criticised (40), (41) but m any case the molecular relation- 
ships necessary for the formation of these complexes bear httle resemblance to 
those prev ailin g m the mtestmal lumen Verzar (1) pomted out that the amount 
of bile salt available m the mtestme was not sufiBcient to account for the absoip- 
tion of fatty acids by this mechanism, and he suggested that this objection nught 
be overcome if the bile salts exerted their hydrotropic action at the surface of the 
mtestmal cell This finds httle theoretical or experimental support, and it pro- 
vides no answer to the problem of the removal of fatty acid from the oil/water 
mterface It may be concluded that the mterface wdl be cleared of fatty acids 
if they are water-soluble, or if the pH of the environment is suflSciently alkalme. 
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but that under other circumstancea, accumulation at the mterfaco with conae- 
quent mterference with hydrolyBis is hkelj to occur Glycerol, it formed, will 
readily pass mto the water phase and other possible end products such as di and 
mono-glycendes are alternative substrates to tnglj ceride and will not cause m 
terference 

It IS generally stated that the end products ot hydrolysis Of tnglycende with 
pancreatic hpase are fatty aad and glyceroL If pancreatic hpolysis is earned 
out under standard conditaons without the mtroduction of excessive quanbbes of 
acbvatoiB or an abnormal pH level, it can be shown that free glj cerol is not 
liberated dnnng the first 6 hours During this penod fatty aad is set free and 
the glycende residue shows an mcrease m acetyl value from 4 to 64 If this is 
interpreted as bemg due to the fonnabon of mono- and di-glycendes, the whole 
of the glycerol is readily accounted for It can also be shown m control exjien- 
ments that glycerol is not destroyed dnnng this bme penod, but that it does 
disappear over longer penoda. That the end products m these experiments 
consist of fatty acid and mono- and di-gljcende has been further confirmed by 
the separation of the lower ^cendes from the glycende residue, and comparison 
of the compounds obtained with authenbe specimens If material from the 
lumen of the intesbne is exammed, it appears to have a comparable content of 
monoglycende (8) If the end products of hydrolyos durmg the first 6 hours are 
fatty adds and glycendes, and over 90 per cent of fat is absorbed durmg this 
penod, it is obvious that a significant proportion of the fat must be absorbed as 
unhydrolysed or partially hydrolysed tn^cende. 

Material obtamed from the mtestlnal lumen may bo analysed and the proper 
bon ot fatty aad detemimed (42) An mcrease in the proporbon of tatty aad 
has been mterpreted as evidence of progressive hpolysis Arguments have also 
been advanced m support of a high percentage hydrolysie on the basis ot the 
fatty add content of faecal fat, which is usually 70 to 80 per cent (43) In each 
of these instances it has been assumed that the only fatty matenal bemg 
absorbed is fatty aad If this assumpbon is not made and the possibihty of 
absorpbon of unhydrolysed fat is considered, these observabons cease to have 
any such significance 

It IS concluded that poncreabo lipase does not work in the intesbne under the 
ideal condibons which are frequenUy pronded m vitro The pH of the upper 
part of the small mtesbne, the short bme penod and the difficulty of removal of 
fatty add from the oil/water mtarface, will all tend to limit the extent of hydroly- 
sis. In the lower ileum, where the reacbon may be more alkaline, it is possible 
that more extensive hydrolysis might occur and this may act as a safeguard on 
sunng almoot complete absorpbon of fat Not only is the percentage hydrolysia 
likely to be restneted, but there is evidence that the mdividual tnglycendes may 
be only partly hydrolysed to di and mono-glycendes, which, with the bile salts, 
provide an effecbve emulsifymg system Fine eraulsificabon of fat will not alone 
influence the eventual percentage hydrolysis, but it may allow unhydrolysed fat 
to be removed from the mtesbnal lumen by parbculate absorption, the evidence 
for which will be discussed later If the finely dispersed fat Is not remoi ed and 
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the reaction of the aqueous phase becomes more alkalme or if the fat is a short- 
cham tnglycende, such as tnbut 3 rrm, more extensive hydrolysis would be 
expected 

How does fat pass throiigh the outer membrane (free-border) of the tnteshnal cellt 
The structure of the outer membrane, the soHjalled brush-border, of the mtestmal 
cell has been investigated by histological methods, but interpretation under high 
magnification is difficult The fiinal conclusion on the structure of such a mem- 
brane must depend not only on its histological appearance, but also upon the 
results of functional permeabihty tests Histological examination of the mem- 
brane has been earned out by a number of observers, whose views are well sum- 
marized by Baker (1943) (44) From the study of the intestinal cells mainly of 
amphibia, Baker submits convmcmg evidence that the brush-border contains a 
system of fine canals, running at nght angles to the surface, through which par- 
ticles rather less than 0 5 /i m diameter might pass His preparations show these 
canals m both longitudinal and transverse section The constancy of his 
observations, m preparations using different methods, makes it unlik ely that the 
canals are artefacts Wotton and Zwemer (1939) (45) have published photo- 
graphs which they claim show fat passmg through canals in the membrane mto 
the mtestmal ceU The ph 3 mical chermcal forces mvolved m this mechamsm are 
obscure It may be concluded that the possibility of a canahcular structure m 
the outer membrane of the mtestmal cell must be borne m mind, and that it is 
unwise to consider problems of fat absorption on the assumption that the outer 
membrane has necessarily a pavement structure or that it resembles a hpoid film 
(46) 

The passage of fat through the outer membrane of the mtestmal cell is best 
studied by concurrent biochemical analysis of the residual matenal m the mtes- 
tme, and histological examination of frozen sections The mvestigations should 
be planned on a senal basis and particular attention should be given to the length 
of the experimental tune penod and to the site from which samples are taken 
for section Vanous types of glycende, cleavage products, or unsapomfiable 
matenal, such as paraffin, may be used The fatty materials may be ad- 
mmistered as a finely dispersed emulsion or as crude oil The degree of dispersion 
of emulsions must be adequately checked before and durmg the experiment 
Many emulsions must be injected mtraduodenally to avoid destruction by the 
acid m the stomach 

Fat must pass through the membrane either as glycende or as fatty acid It 
IS agreed that hpolysis occurs in the mtestmal lumen, and the fatty acid is likely 
to be absorbed, provided it can be separated from the residual unhydrolysed 
glycende as a water soluble compound or complex The precise mechamsm by 
which fatty acid passes through the membrane is not known, but it is probably 
the same as for other water-soluble compounds The supporters of the hpolytic 
hypothesis claun that aU the fat absorbed from the mtestme must be hydrolysed 
to fatty acid and glycerol before it can pass mto the mtestmal cell It has already 
been shown that hydrolysis may be restneted m the mtestmal lumen and that 
tnglycendes may ^ only partially broken down Further, differentiation be- 
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tween the absorption of tnglycende and ita constituent fatty acids can be demon- 
strated (47) and will be discussed in more detail later For these reasons the 
possibihty of absorption of unhydrolysed fat must be considered. 

Olycendes imght be absorbed either in molecular dispersion or in particulate 
form Glycerides nught be molecularly dispersed m water in the form of phos- 
phorylated compounds The available evidence suggests that phosphohpids are 
broken down m the mtestmal lumen, and that synthesia of these compounds 
occurs after the passage of the fatty components mto the mtestmal cells No 
hydrotropes have been demonstrated which form an association with glyoendes, 
so that molecular dispersion m complex form does not seem possible It must 
be concluded on present evidence that giycendes do not pass through the mtes 
tinal membrane m a state of molecular dispersion. 

Although it has been claimed that large globules of fat pass through the 
intestinal membrane (46), it is difficult to accept this mechanism on histological 
endence alone m the absence of any adequate physical chemical e-xplanation If 
the possibihty of finely dispersed fat parbclea passing through the membrane is 
to be considered, it must be demonstrated that an effective emulsifying system 
ensta m the mtcstinal lumen, that the membrane structure is smtable and that 
findy dispersed unsaponifiable matenal can be absorbed The physical chemical 
forces required for the passage of the particles mto the cell must be defined, and 
the relabonship of this mechanism to the selective absorption of other foodstuffs 
detenmnod. 

The existence of an effective emulsifying system m the intestine, which will 
reduce the particle diameter to less than 0 6 /i, has already been discussed The 
ctmahcular structure of the outer membrane of the mtesUnal cell described by 
Baker would seem to be suitable for absorption of particles of this sice The 
absorption of unsapomfiable material, such as paraffin, has been the subject of 
much controversy Channon and his co-workers (48), (49) haie demonstrated 
the absorption of paraffins, but other workers hai e denied that absorption occurs 
(60), (61), (62) Unfortunately these observations were made without adequate 
control of the state of division of the paraffin Statements on the absorption of 
emulsified matenal (63) are often misleading since the milky appearance of oil 
in water emulsions, especially if they are made with pre-formMi soap solution 
cannot be regarded as a satisfactoiy ontenon of fine emulsification The sUe of 
the particles m these experiments must be determined with reasonable accuracy 
by microscopic methods It is generally agreed that absorption of paraffin is 
m inima l if it is administered orally either unemulsified or as a coarse emulsion 
If a paraffin emulsion with an average particle diameter of less than 0 5 ji is 
injected intraduodenally, it is absorbed m amounts comparable with a similar 
oli\ e oil emulsion The absorption of these jiaraffin emulsions has been demon 
strated by residual analyses and histological studies, and has been a constant 
finding m large groups of rats (7) It has been concluded in the past that paraffin 
was not absorbed because it was not bydroij’sed Although the reasons for 
ccaclung this conclusion were probably false, it is possible that the conclusion 
tself Was correct for hydrolysis provides two essential components of the 
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mtestmal emulsifyiiig system Paraffin is thus only absorbed from the intestine 
if it IS finely dispersed with suitable emulsifying agents before administration, 
and dispersion is mamtamed m the alimentary tract 

The fat particles m the mtestmal lumen can be shown to carry a negative 
charge TeoreU (54) demonstrated the relationship of electrolyte diffusion to 
the passage of negatively charged particles through membranes It is not un- 
possible that the outer membrane of the mtestmal ceU may be charged due to 
difference m the diffusion rates of absorbed ions and that this may have an im- 
portant bearmg on the absorption of finely dispersed fat particles The 
relationship of such a system to the selective absorption of other substances than 
fat requires mvestigation 

If electrolyte absorption is closely associated with the passage of fat particles 
through the outer membrane, it might be expected that double adrenalectomy, 
with the consequent electrolyte disturbance, might affect fat absorption Verzar 
and Laszt (1935) (55) claimed that fat absorption m rats was reduced to less than 
10 per cent of normal followmg double adrenalectomy They considered that 
tins depression of fat absorption was due to mterference with phosphorylation 
A number of workers have confirmed that fat absorption is depressed after adre- 
nalectomy Normal absorption was re-estabhshed by the admmistration of 
corticosterone, and it was also improved by adequate sodium therapy (56), (57), 
(58), (59) These and other observations (60), (61) do not substantiate the view 
that the adrenal cortex is concerned with phosphorylation processes m the mtes- 
tmal cell In a study of the differential absorption of tnglycendes and fatty 
acid m adrenalectomised rats (27) we found that tnglycende absorption was 
depressed to 40 per cent, but that fatty acid absorption was practically nomud 
quantitatively We confirmed Verzar’s observation that fatty acid absorption 
m adrenalectomised ammals gave rise to toxic symptoms The absorption of 
tnglycende was improved m salt-treated ammals The tune of onset of defective 
fat absorption comcided with the development of electrol 3 de imbalance 
Bavetta and Deuel (1942) (62) have descnbed normal absorption of tnbutynn 
and but 3 mc esters after adrenalectomy, and they suggest that the adrenal glands 
play a r61e m the absorption of the long-cham fatty acids It has already been 
suggested that tnbutsain is likely to be absorbed more as fatty acid than un- 
hydrolysed fat, whereas long-cham glycendes will tend to pass through mainly in 
particulate form If adrenalectomy mterferes with the absorption of fat particles 
but not fatty acid, the observations of Bavetta and Deuel are readily explamed 

It may be concluded from these various observations that fat can be absorbed 
as fatty acid provided that the cleavage products can be removed mto the 
aqueous phase from the oil/water mterface This appears to be more easily 
accomplished m the case of butync acid than the long-cham fatty acids It is 
suggested that the possibihty of particulate absoiption of unhydrolysed fat must 
be considered, especially m relation to the absorption of long-cham fats The 
absorption 6f fat particles may be dependent upon normal electrolyte metabolism, 
and this might account for the importance of the adrenal cortex in the absorption 
of long-cham compoimds 
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Theee two mechtuiiflins of absorption can be accepted on the evidenoe available 
without necessarily assuming that they both play a part in nor mal fat absorption, 
although it Bcems probable that this is the case The relative proportions of fat 
normally absorbed m the hydrolysed or unhydrolysed state have not yet been 
determined, but it seems lihely that the ratio will vary according to the type of 
fat mgested, the conditions in the intestme, the normal functioning of the m 
testinal cells and other metabolic activities The effect of added hpase (31), 
(47) and the differentiation of tnglycende and fatty acid abeorpbon suggests 
that, under normal circumatances, most of the fat m the chyle is denved from 
material absorbed in particulate form Munk and Roeenstem (63), m their 
classical experiments, recovered only 60 per cent of mgested fat from a lymphatic 
fistula, in adrenaleetomised animals mterference with particulate absorption 
causes a depression to 40 per cent of normal, and hpolysis in the significant time 
penod tends to be restricted to about 30 per cent under the conditions found m 
the mtestine Bearmg in mind that an upset of the normal mechanism of par 
bculate absorption may lead to an mcrease m the jjercentage hydrolysis, it seems 
likely that, so far as long-cham triglycendcs are concerned, at least 60 per cent 
of the fat absorbed may pass through the outer membrane of the intestinal coll as 
finely dispersed particles of unhydrolysed fat 

17?ia< ehanga dotsfai undergo in (Ac inlesftnaJ ceUt Evidence of changes m the 
composition of fatty material m the intestinal cell may be obtamed directly by 
histo-chemical studies or mdirectly by comparison of the substances entering and 
leaving the cell This evidence may be correlated with m vitro axpenments 
which may indicate both the nature and possible function of the changes 
observed The interpretation of histo-chermcal methods is difficult, not only for 
techmcal reasons, but also because they give a static picture of mtracellular 
changes The available methods for the differentiation of tnj^ycendea from 
fatty adds are unreliable (64) The examination of substances immediately 
before entermg or after leaving the mtestinai cell is not poemblo, but an approxi- 
mate assessment is made by the study of the contents of the mtestmal lumen and 
the blood or lymph leavmg the mtestme It is obviously an advantage if the 
material IS collected as soon as possible after leavmg the mtestmal cell to mmimiie 
the danger of admixture with entirely irrelevant substances Thus, the 
teclmique of collectmg intesUnal lymph (66) is preferable to thoraao duct canu 
labon. 'Whatever methods are used, however, considerable caution must be 
exercised m their mterpretation 

The two mam changes which are thought to occur m the mtestinai cell are 
resynthesia of triglyceride and phosphorylation There is no doubt that most 
of the fat m the chyle is tnglycende If complete hydrolysia of fat bccurs before 
absorption, then resynthesis must take place If, however, a large proportion 
of the fat 18 absorbed m the unhydrolyeed state, then resynthesis is not neces 
aarily important "Vanous experiments hare been made which purport to show 
triglycendes in the chyle denied from monoglycerides, fatty acida or other cstere 
(00), (67), (68) In none of these experiments can the synthesis of tngiycendes 
m the lumen of the intestme or the poesibnity of the tngiycendes bomg denved 
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from some other source than immediately absorbed matenal, be excluded That 
glycende synthesis from fatty acids and glycerol may occur m the presence of 
hpase can be readily demonstrated in vitro (69), (70), (71), and it seems reason- 
able to suppose that given smtable conditions similar changes can occur m vivo 
Whatever may be the true mterpretation of the experiments so far devised to 
,demonstrate resynthesis, they do no more than mdicate that synthesis can occur 
under certam conditions They do not show the extent of tnglycende resynthesis 
dunng normal fat absorption Verzar has advanced the histological evidence of 
Jeker (72) as support for res3Tithesis He demonstrated ■what appeared to be 
fatty acid m the mtestmal cell 30 mmutes after ingestion, but after 6 hours the 
cells vrere seen to be full of neutral fat Qmte apart from the vahdity of 
the histo-chemical methods employed, these experiments cannot be accepted as 
evidence of res3Tithesis, for identical results could obviously be obtamed by early 
fatty acid absorption and later absorption of unhydrolysed fat (73) 

Phosphorylation has been regarded as an important mtermediate step m tnglyc- 
ende resynthesis (74), (75), (1) Whether resynthesis occurs or not, the con- 
ception that phosphorylation is a stage m this process is open to question The 
reversible nature of hpolysis has been amply demonstrated m vitro, and the 
formation of tnglycende from cleavage products m the presence of hpase does not 
appear to require mtermediate phosphorylation The available evidence sug- 
gests that phosphohpid m the mtestmal cell should be more properly regarded as 
an end product than an mtermediate compound m resynthesis 

Although the relationship between phosphorylation and tnglycende resynthe- 
sis 18 doubted, there is good evidence that phosphohpids are formed m the mtes- 
tmal cells This conclusion is based on histo-chemical studies (76) and on ex- 
periments m which labelled phosphorus or fatty acids were traced from the 
mtestmal lumen through the mtestmal cell mto phosphohpids leaving the intes- 
tme (77), (78), (79), (80), (81) 

Verzar supported this conception of the importance of phosphorylation by 
experiments which showed that momodo-acetic acid and phlondzm (82) caused 
mterference with absorption of fat The doses used were excessively large, and 
can be shown to cause extensive destruction of the mtestmal mucosa (83) It 
seems unreasonable to assume, therefore, that the mterference with fat absorp- 
tion m these experiments can be attnbuted to faulty phosphorylation Even if 
phosphohpids are not concerned with resynthesla^ there may be many other 
important reasons for phosphohpid formation Phosphohpid is a convement 
transportable form of fat and it may be more smtable than tnglycende for many 
metabohc reactions It can also be demonstrated that phosphohpid is an essen- 
tial component of the stabdismg fihn of fat particles circulatmg m the blood 
stream, and that the mamtenance of the phosphohpid content of the mterfacial 
film 18 necessary to their continued dispersion Negatively charged fat particles 
flocculate m the presence of plasma proteins and 1 per cent sodium chlonde at a 
pH of 7 5 (9) This flocculation does not occur if the particles are stabilised with 
phosphohpid instead of soap If thuse two types of emulsion are treated with 
Cl welchu lecithmase, the soap-stabihsed emulsion is unaffected while the phos- 
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pholipid-fitabilised emulsion flocculates. If the fat parboles in the mtestuml 
lumen are eiarmned they are found to behave as simple negaUvely^iharged par 
tides, but the chylomicrons on the other hand behave similarly to a phosphoUpid 
stabilised emulsion It is tentatively suggested that phosphohpid is added to 
the fat partades in the mtestmal cell, and it may be formed m situ at the od/water 
mterface. It is not impoemble that monoglycende might provide the basis for 
this phosphohpid formation (10) Alternatively, phosphohpid may be preformed 
m the intestinal cell and spread as a film on the surface of the oil globule. 

The relabonehip of the adrenal corhoal hormones to phosphorylation (66) has 
not been substantiated bj other rrorlrers either in cormeotion mth fat (61), oar- 
bohydrate (84), (86), or vitamin (86) absorption. It is difficult, therefore, to 
accept this conception of the action of the adrenal gland, and a possible altema 
tivo explanation of its rclabonship to fat absorption, due to the associated elec 
trolyte disturbance, has already been discussed. It may be conduded that the 
quesbon of the significance of resyntheais m the intestinal cell depends upon the 
form m which fat is absorbed If a large proportion of fat enters the cell as 
tnglycenfle, resynthesia ceases to be of such vital importance The relabonship 
of phosphoiylabon to resynthesia or adrenal cortical hormone is open to quesbon 
It may, however, represent an essential change m the mterfacinl structure of fat 
parbdea needed to mamtam normal stabiUty and dispersion m the blood stream. 
It 18 likely that phospholipid formabon has other important funebons not yet 
dearly defined 

Whttl u Oie dtiiribulum of abwrbtd faity malenal} This problem can only be 
studied by in vivo experiments. The fatty material may be labelled by staining, 
by the mtroduebon of recognisable chemical groups, or the incorporabon of 
radio-active elements. In addibon to detenninmg the immediate desbnabon of 
the fatty material, the pathways along which it passes from the mtestine may be 
studied The two main routes are the lacteal lymphabc channel through which 
the chyle is passed mto the systemic circulabon, and the capillary network which 
leads via the portal vem to the liver While fat, travellmg m the systemic blood, 
ueed not necessarily be remoi ed mto the fat depots, or that m the portal blood 
into the hver, it seems probable that systeimo hpaemia will tend to be associated 
with increased depoaibon m the depots and portal hpaemia with a nse in hver 
fat, provided that excessive quanbhes of fatty materials are not employed In 
the study of the pathways of absorpbon repeated chemical analyses may be used, 
but the number of observabons made is frequently restricted Chylomicro* 
graphs, for widch much less blood is required, give a comparabve serial picture of 
blood fat changes which is often more "raluable than occasional chemical analyria 
m the study of fat absorpbon (25), (21), (26), (87) 

According to the lapolybc Hypothesis fat la completely hydrolysed before 
absorpbon and all the fatty acid is reconverted mto triglyceride m the intestinal 
cell and passes by the lacteal lymphatic route mto the systemic blood Under 
these circumstances it would be expected that a reasonable similantj would exist 
between the phenomena observed durmg absorpbon after the mgestion of tnglyo 
ende or the admimstrabon of eqim alent amounts of its consbtuent fatty acids 
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glycerol This was not so, and constant differences could be demonstrated 
veen groups of ammals fed on ohve oil and those receiving oleic acid and glyc- 
In the former, the intestinal cells were filled with fat particles, the lacteals 
a milky appearance, there was the characteristic post-absorptive systemic 
erma, and Sudanised oil could be traced to the fat depots, the portal blood fat 
not appreciably changed and only shght deposition of Sudamsed matenal 
d be seen m the hver In the ammals receiving fatty acid, the mtestinal cells 
a granular appearance, there was no miUoness of the lacteals, there was no 
i-absorptive systemic hpaemia and no deposition of Sudanised matenal m the 
depots, the portal bloQd, however, showed an mcrease of fatty matenal and 
nsive deposition of Sudanised fat could be seen m the hver (47) In accord 
i these observations it was also shown that the addition of extra hpase to 
[ycende accentuated the fatty acid component of the absorption picture, and 
i inhibition of hpolysis with sodium hexadecyl sulphate produced opposite 
;ts In the human subject the addition of hpase caused a marked reduction 
le post-absorptive systemic hpaemia (31) 

hemical analysis of the portal blood is of hmited value m dete rminin g the use 
116 pathway, smee small changes may be sigmficant and the relationship to 
type of fat administered, the degree of hydrolysis and the tune of samplmg, 
' profoundly influence the mterpretation of the results In spite of these 
culties, however, evidence has been put forward which mdicates that fat may 
bsorbed via the portal vem Numerous observers (88), (89), (90), (91), (92) 
3 demonstrated an mcrease of fat m the portal blood dunng absorption, but 
;rary evidence is presented by Zucker (1920) (93), and by other workers (94), 
Raper (1913) (96) suggested that the lower fatty acids might be absorbed 
1 different mechanism from long-cham compounds, which is of particular 
rest m the light of more recent work (36), (37), (38), (62) and the pomts 
uously discussed m this paper, which mdicate the probabihty that the short 
n fatty acids will be more easily detached from the oil/water mterface 
se various observations, and the apparent disappearance of 40 per cent of fat 
[unk’s experiment, the demonstration of 70 per cent absorption of fat m some 
s of idiopathic steatorrhoea without any appreciable systermc hpaemia, the 
that tnbutyrm is absorbed but cannot be demonstrated m the chyle (37) or 
le fat depots (36) all indicate the presence of an alternative pathway which is 
y to be the portal vem It is concluded, therefore, that fat may pass by the 
al vem and that this pathway is used when fatty acid is absorbed Dunng 
ycende absorption, it is the short-cham fatty acids which are most likely to 
oncemed m this mechanism The observations of Wmter and Crandall (94) 

3 been mterpreted as bemg contrary to the Partition Hypothesis They 
?ed that there was no significant mcrease of fatty matenal m the portal blood 
Dgs dunng the absorption of ohve oil from the mtestme These findings are 
pletely m accord with the Partition Hypothesis and with the observations 
e m rats m which minimfll changes were found m the portal blood and hver 
r administration of ohve od m contrast to the marked mcrease of fatty ma- 
il which occurred after feedmg oleic aad (47) 
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Extensive inlormallon on the composition of the fat depots is now available 

(97) It 18 clear that depot fat may be derived partly from food fat and partly 
from other sources. The resemblance between the fat m the depots and the food, 
especially on a high fat diet, may be eiplained by either hypothesis of fat absorp- 
tion The apparent selection of certam fattj acids for deposition m the depots is 
a complex problem It is possible that further studies of hpolysis, the behaviour 
of different fatty adds at the oil/water interface and the factors concerned in fat 
syntbesiB, may throw some light on this mechanism. The occurrence of dehy 
drogenaaes m the mtestinal lumen has been the subject of conflicting reports 

(98) , (99), (100), (101), (102), (103), and for this reason has been exduded from 
this discussion. It iS dear, however, that this might profoundly mfluence the 
hydrolysis, absorption and distribution of fatty matenah 

From tb^ evidence submitted m this review, it is suggested that the Lipolytic 
Hypothesis of fat absorption, in its present form, fails to explam an mcreasmg 
number of observations in this field, and many of the assumptions upon which 
it o based are m need of reconsideration. In particular, this conception of the 
fat absorption mechanism mamtains that fat is oompletely hydrolysed m the 
mtestinal lumen, that the mtestinal cell has an outer pavement membrane, that 
paraffins are not absorbed, that the adrenal glands control phosphorylation of 
fat m the mtestinal cell and that no mgmficant amount of fatty material passes 
up the portal vem durmg absorption Nome of these pomts is satisfactorily 
supported by the available evidence In addition, the Lipolytic Hypothesis 
provides no adequate explanation of the fine emulsification of fat m the mtestinal 
lumen, the differentiation between neutral fat and fatty acid absorption, the 
effect of added or inhibited hpolysis, the difference between the absorption of 
tributyrm and long-chain tnglyoendes, and the improvement m fat absorp- 
tion when adrenalectomised animals are adequately salt-treated. The Partition 
Theory has been put forward as an alternative workmg hypothesis upon which 
further Investigation of the many outstandmg problems of fat absorption mi^t 
be based 
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THE USE OF ISOTOPICALLY MAEKED CAEBON IN THE STUDY OF 
INTEEMEDIAEY METABOLISM 

JOHN M BUCHANAN and A BAIRD HASTINGS 

The Department of Physiological Chemietry, University of Pennsylvania, and The Department 
of Biological Chemistry, Harvard University 

The contnbution of phymcs to the analytical annamentanum of chemistry 
in the form of isotopes has greatly extended the vision of biochemists mto the 
understandmg of the metabolism of both orgamc and moi^mc substances m 
biological systems The present paper mil review those experiments on the 
metabohsm of orgamc compounds and of CO 2 m which ]sotopes»have been em- 
ployed to trace the biological adventures of carbon atoms 

Two isotopes of carbon have been available for these studies, the stable iso- 
tope, C“, often called heavy carbon, and the radioactive isotope, C“ In many 
instances, carbon atoms have been tagged mth stably bound deutenum and 
these isotopically marked orgamc compounds have been successfully used m the 
study of biological reactions 

Although the use of these three types of isotopic compounds has resulted m 
many new and mterestmg facts of metabohsm, they have served an even greater 
function by enablmg biochemists to mtegrate and remterpret information ob- 
tamed by conventional analytical methods It is, therefore, the mtent of this 
review to show how carbon isotopes have been of aid m developmg certam 
branches of knowledge rather than to divide the subject matter mto experiments 
earned out mth the several isotopes In this way, it is beheved that a clearer 
appreciation can be gamed of what has been accomphshed as well as what 
problems need next be attacked 

No attempt has been made to cover thoroughly the field of bactenal me- 
tabolism smee it has previously been reviewed by Workman and Wood (146) 
Certam recent pubhcations on this subject along mth other older material which 
IS pertment to the discussion of mammalian metabolism mil be mcluded, how- 
ever 

The r61e that isotopic carbon has played m elucidatmg certam reactions of 
mninmaliaD metabolism Will be discussed m the hght of Schoenheimer’s theory 
of the dynanuc state of the body constituents (116) Smee carbon isotopes 
have been used particularly m the study of carbohydrate and fat reactions, 
special emphasis wdl be placed on the metabohsm of these compounds 

Metabolism in the lower forms The detailed mvestigation mth isotopic 
carbon of the utilization of CO 2 by bactenal and mammalian cells has removed 
one of the oldest distmctions between plant and animal hfe Although the 
extent of CO 2 assimilation and subsequent history of the carbon atoms m these 
two forms of hfe vary greatly, the occurrence of this remnant of a photosynthetic 
process m respiratory reactions has required the adoption of an altered pomt of 
view toward the significance of CO 2 m metabohsm 

A Metabolism of Carbon Dioxide in Plants The use of isotopic radioactive 
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carbon (C“) as a tool of bioohomical reseanih -was first introduced by Ruben, 
Hassid and Kamon (110) In (ho course of their studies on photosynthesis, 
Ruben and co-workers (113) isolated from plants (ChJordla pyrenotdosa) exposed 
to an atmosphere of radioactive COt, a radioactive fraction containing carboxyl 
and alcoholic hydroxyl groups Plants which were nUowed to grow m the pres- 
ence of hght produced a photosynthetia mtermediato which contained only a 
small fraction of the total C“ assunilated m the carboxyl groups, most of the 
activity resided m non-carboxyl carbon atoms of the molecule In contrast, 
when plants were exposed to C“Oi m the absence of h^t, a fraction was isolated 
which contained most of the radioactivity in the carboxyl groups Thin findmg 
mdicates that COj fixation occurs during the dark reaction but that the hfbi' 
reaction is responsible for the reduction of the carboxyl groups formed during the 
dark reaction It should be noted, however, that althou^ the use of isotope 
carbon provides the most direct evidence for COj fixation m the dark reaction, 
previous experiments by workers m the field of photosynthesis had led them to 
a s i milar conclusion This is thoroughly reviewed by Franck and Gaffron (64) 

Data obtamed by ultracentnfugo and diffusion observations (112, 114) on 
the O-contairung mtermediate have demonstrated that this substance is an 
loniied molecule with a molecular weight of approxunately 1,000 to 1,600 Dur- 
mg the period of photoeynthesia, there is an mcrcase m molecular weight De 
spite the high sensitivity of the radioaetive mdicator method, the first molecules 
m which radioactivity was detected were of high molecular wei^t No trace 
of the presence of molecules of small molecular weight such ns fonmc acid could 
be detected. 

Some of the results obtamed by the Berkeley workers are not readily mter- 
pretabla (112) on the basis of the classical theones of WillstStor and Sthll which 
are founded upon two mam assumptions — namely, 1, the formation of an addi 
tion compound between COi and chlorophyll, and 2, the subsequent photo- 
ohomical reduction to formaldehyde 

I'rom studies using O', Ruben, Kamen and co-workers support a theory of 
photosynthesis involvmg the following steps 

1 ffhe first step in photosynthesis is the addition of COj to a large molecule 
of mUoiown composition with the formation of a carboxyl group This reaction 
IS a thermal (non photochemical) process which is probably eniymicnUy cata- 
lysed, The uptake of carbon dioxide m this dark reaction is initially rapid and 
SradnaHy decreases, suggestmg that the reaction may be reversible Chloro- 
phyll IS considered not to be concerned with this reaction, smee no relationship 
’res found between the concentration of chlorophyll m the leaves and the amount 
of CO, assimilntion duimg the dark reaction This first reaction is represented 
by the following equation 

RH -t- CO, RCOOH (1) 

2 The second, irieveisible, endothoimio reaction of photosynthesis is con- 
sidered to be catalyzed by chlorophyll It is represented by the equation 


RCOOH -f HiO chlorophyll ^ RCH,OH -J- 0, 


( 2 ) 
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Although the work of Ruben and Kamen has demonstrated that a reversible 
carboxylation reaction is an mitial step of photosynthesis, it has been difficult 
to formulate the details of the reactions mvolved The nature of the substance 
“R” with which CO 2 combmes is unknown Ruben and Kamen have mdirect 
evidence, however, suggestmg that RH may be an aldehyde A more senous 
obstacle, however, has been the apparent irreversibihty of known decarboxyla- 
tion reactions, the reversibihty of which could provide a mechanism for the 
lengthemng of a carbon cham ultimately to a hexose umt This difficulty has 
beep partially overcome by the demonstration by Lipmann and Tuttle (83) and 
by Utter, Lipmann and Werkman (135) that the phosphoroclastic reaction may 
be reversed 


CHsCOCOOH -f HJPO 4 CHsCOOPOdEi + HCOOH (3) 

On the basis of these mvestigations, Lipmann and Tuttle (83) have proposed 
a theory similar m many respects to an earher one of Ruben (109), whereby car- 
bon chams are progressively lengthened by a senes of alternatmg phosphorylation 
and photoreduction reactions 

R COOH -f ad POr‘ R CO OPO - + ad H (4) 

R COOPO 3 " + CO 2 -f H, j| 0 R CO COOH + HO PO*" -f (6) 

R CO COOH + Hj II 0 -»• R CHOH COOH -f ^ (6) 

Further phosphorylation of the carboxyl group of the compound R CHOH 
COOH, reductive carboxylation and hydrogenation to hydroxy acid would result 
m the formation of the next higher homologue, R CHOH CHOH COOH 
The reducmg reagent m these reactions is photolytically formed hydrogen 
In addition to its reductive functions, the reoxidation of one out of seven moles 
of photolytic hydrogen is presumed to be the source of energy required to supply 
the essential energy-nch phosphate bonds 

For more extensive information on photosynthetic reactions and the rdle 
which isotopic compounds have played, the reader is referred to reviews by 
Franck and Gaffron (64, 65), and by van Niel (97, 98) 

In an extension of their work with plants, Ruben and Kamen (111) found 
that fresh yeast cells suspended m water also assimilate COj In their expen- 
ments, approximately one CO2 molecule was reduced for every fifty molecules 
produced m respnation Though most of the radioactivity was present m the 
precipitate formed by the addition of banum 10 ns, the activity did not reside m 
the carboxyl groups of the banum precipitable matenal 

B Metafwltsm of Carbon Dioxide in Microorganisms Although certam forms 
of autotrophic bactena may Utilize CO2 as the sole source of carbon m the syn- 

1 a d ~ POj“ refers to a high energy phosphate group m adenosine triphosphate or adeno- 
sine diphosphate ad H refers to adenylic acid Hj 1 1 0 represents the photolytic splitting 
of water into hydrogen and oxygen 
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theaiB of complex organic structures, it has also been shown that hotorotrophio 
bacteria can likewise assimilate COi 

1 Formatum of organic compovndt by Tcdudum of COt One of the simplest 
reactions of COi in bacterial metaboham is its reduction to formic aad by Ht 
m the presence of the enxyme hydrogenlyase (16fi) 

In more complex systems, COi is reduced to a one-carbon organic compound 
with the sunultaneoua oxidation of other metebohtes (1) Thus, it has been 
shown by isotopic studies that Mdhano-bacUnim omelumsh is capable of oxi- 
dmmg methanol or ethanol to their oorrespondmg fatty aoida with the smiul- 
tancouB reduction of COj to methane In a similar manner, Methanoiarana 
methamca can oxidiie fatty acids, denved from methanol or other alcohols, to 
CX3i with the concurrent reduction of CCh to methane 

2 Carbon to carbon addition by CrCi union (Wood Workman reaction) The 
first mdication that heterotrophlc organisms can utiliie CX)i with the formation 
of carbon to-carbon bonds came from the classical work of Wood and Werfcman 
(148) who, using chemical methods only, wore able to demonstrate an overall 
uptake of COi by propionic aad bacteria dunng the fermentation of glycerol to 
Buednio, propiomc and acetic aada By refining the methods of anaiysis, they 
were able to demonstrate that one molecule of COi disappeared for every mole 
by auccinio aad formed (140) 

On the basis of these results, these mvesUgatoiB postulated that a one-carbon 
compound (COi) reacted with a three-carbon compound by C» to Ci umon to 
form the four-carbon dlcarboxyhc aad, succmio aad Pyruvic acid was sug- 
gested as the mtermediate with which COj reacted 
a Stiidtet of the TFood Werhnan reaction in mvo The mtroduction of the use 
of isotopes greatly facilitated the development of the work mitiated by Wood 
and Workman Much of their earlier chemical work has been confirmed by the 
use of isotopes (30, 160, 161) Isotopic carbon was fixed in the carboxyl groups 
of Buccimo add during its formation by the propionic aad bacteria (162) It 
was also unexpectedly discovered that dunng glycerol or ^ucose fermentation, 
the propomo aad formed likewise contained carboxyl isotopic carbon (161, 29, 
28, 1B3) It has been suggested that the formation of sucomate from pyruvate 
occurs through the following aeries of reactions 

pyruvic add -|- COj tic oxalacetio tic make tic fumanc tic suoomio (7) 

Each of the reactions from oxalacetio to suodmo aada has been demonstrated 
by Krebs and Egj^eston (74) to occur reveraibly m propiomo add bacteria 
Purther evidence for the partiapation of mahe and f uman c aads as inters 
mediates in this reaction has been furnished by Nishina, Endo and Nakayama 
(100) They have succeeded in isolating cryatalline derivatives of these aada 
from prepamtions of Bad, colt communte fermenting glycerol and glucose m the 
presence of radioactive COr When ammomum chlondo was present dunng the 
fermentation, radioactive aspartic aad could be isolated, thus mdicatmg the 
probability of oxalacetio aad as an intermediate 
The steps concerned with the formation of proponlc aad containing carboxyl 
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isotopic carbon denved from isotopic CO 2 are less certam, however The su" 
gestion was ongmally made by Carson et al (30) and by Krebs and Egglest{ 
(74) that isotopic propiomc acid was formed by the reduction of isotopic pyruv 
acid This pyruvic acid was considered to be formed by a reversal of the rea 
tions leadmg to the fonhation of the symmetncal isotopic succmic acid as shoM 
m equation (7) Workman and Wood (145) have objected to this scheme on tl 
grounds that accordmg to their data every molecule of propiomc acid forme 
would have had to ongmate from pyruvic acid which had first undergone th 
senes of side reactions from oxalacetic to succmic acids They beheve that it 
improbable that this senes of reactions takes place so much faster than the direi 
reduction of pyruvic acid to propiomc acid Werkman and Wood have suj 
gested that, mstead, propiomc acid may arise from the sphttmg of succmic aa 
into propiomc acid and COj They are aware, however, that very httle eviden( 
IS available for such an mterpretation, for, as shoivn by Carson, Foster, Eube 
and Barker (28), the addition of isotopic succmic acid to a preparation of pn 
piomc acid bactena, fermentmg glycerol m the absence of isotopic COj, results i 
the formation of very httle isotopic propiomc acid Conversely, upon addin 
isotopic propiomc acid to such a fermentation, only small amounts of isotop: 
succmic acid could be recovered 

The metabolism of COj m several microorganisms other than the propion] 
acid bactena has been studied (151, 120) Krebs (70) has made a tabulate 
summary of some of the microorganisms whose metabolism has been studie 
with the use of isotopic carbon In general, organisms which dunng fermei 
tation formed the dicarboxyhc acid, succmic or the monocarboxyhc acid, laoti 
or propiomc, fixed isotopic carbon of CO* This isotopic carbon without fa 
was always located m the carboxyl carbon atom At present, compounds of tw 
of more carbon atoms synthesized by heterotrophic organisms and containin 
isotopic carbon ongmating from isotopic CO 2 are generally considered to ans 
by way of the Wood and Workman reaction 

CHsCOCOOH + CO 2 ^ HOOCCH 2 COCOOH (S 

There are, however, notable exceptions to this generahzation The additio: 
of a two-carbon compound to a one-carbon compound onginatmg from CO: 
(equation (3)), has been established by Lipmarm and Tuttle (83) and Uttei 
lipmaun and Werkman (135) The possible significance of this reaction u 
metabolism will be discussed m a later section 

The early findin g that heavy carbon occasionally was foimd m the carboxy 
position of acetic acid isolated from fermentations proceedmg m the presence 0 
heavy CO 2 mdicated that CO 2 mcorporation might occur by some mechanisn 
hitherto undesenbed (120) Recently, however, Werkman and co-workers (119 
64) have been able to account for the formation of isotopic acetic acid on th( 
basis of the Wood and Werkman reaction They considered the two possibihtiei 
that acetic acid may anse either by the oxidative decarboxylation of pyruvic acic 
or by the symmetncal reductive fission of succmic acid In the former case 
acetic acid should contam no isotope ongmatmg from CO 2 of the medium, u 
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the latter cose, however, acetic acid should contain isotopic carbon m the car 
boxy] position since succmic acid is formed, m part at least, irom pyruvic aad 
and isotopic COj Their evidence indicates that both reactions occur 

It IS also known that sucanate may be formed by many organisms without 
mvolvmg the carbon dioxide fixation reaction (120) For example, the concen 
tration of isotopic carbon m succmic aad isolated from the fermentations Slaph- 
ylococcus candtdus, Streptococcus paracitrocoTUs and Proteus vulgans was below 
the theoretical value expected if one assumes that the entire amount of succinate 
IS formed by the Wood and Werkman carboxylation reaction These results 
coupled with other evidence give weight to Wood and Werkman’s behef m the 
presence, m certain bacterial systems, of the reversible eniyme reaction 

succinate + 2 H iw 2 acetate (9) 

Recently, with the aid of two isotopic isomers of acetic aad and with isotopic 
sucanate, Werkman and co-workers have been able to demonstrate the presence 
of this reaction m at least two species of bactena Slade and Werkman (119) 
have shown that suspensions of Aerobacter tndotogenes convert carboxyl labelled 
acetate into isotopic succinate and vice versa In both expcnments, the isotope 
was located m the carboxyl position of the orgamc products of reaction When 
acetic aad was used in which the isotopic carbon was distnbuted equally in the 
mdecuie, the succinate obtamed contained equal amounts of isotope m the 
methylene and carboxyl carbons This experiment demonstrated that the iso- 
tope in the Bucamo aad onginnted directly from acetic acid rather than m- 
diiectiy from COj of the oxidised acetate smce the carboxylation reaction did 
not yield products containmg isotopic methylene carbon Approximately fifty 
per cent of the acetate formed by Aerobactir feimentmg glucose arose by the 
fission of succimo aad and thirteen per cent of the total succinate by condensation 
of acetic aad Thus acetate condensation and sucanate fission are reactions 
which possess quantitative significance 

Recently Kalnitsky and Werkman (61, 62) have obtamed a cell free extract 
of Eschenchta coti which is capable of disaimllating pyruvate anaerobically with 
the formation of acetic, formic, lactic, and sucdmc adds When fermentations 
were earned out m the presence of isotopic carbon dioxide, the last three aads 
contained isotopic carbon m their carboxyl groups thus demonstratmg that the 
COi assimilatmg eniymes wore present in this cell free extract The concen 
tration of isotope m the succmic aad was too low, however, to account for the 
sjTitliesis of succmic aad soiely by the Wood and Werkmtm reaction By ex- 
periments with acetate containmg isotopic carboxyl carbon, JKslnitsky, Wood 
and Werkman (01) were able to demonstrate that a agnificant part of the sue 
cmic add arose by imother path — i e , tho condensation of acetic add. 

The r6Io of COi in metabolism has been studied m many imicellular organisms 
other than bactena The molds, Rhuopus mgneans imd Aspergxlus ntger fer 
ment glucose and sucrose in the presence of C‘'Oi with tho formation of isotopic 
fumanc and mtnc acids, respectively (63) In both cases, isotorfo carbon was 
found only m the carboxyl groups van Kiel et al (99) have shown that the 
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holotnchous ciliate, Tetrdhymena geleti, fermenting sugar anaerobically m tli 
presence of radioactive CO 2 , fixes carbon m the carboxyl position of the succim 
acid formed This protozoan possesses one of the most active mechanisms for th 
assimilation of COj of those systems studied 

The studies "with isotopic CO 3 in vtvo have demonstrated that the assmnlatio: 
of CO 2 mto orgamc molecules is a reaction of major importance m a variety 0 
non-photosynthetic organisms Much of the data obtamed in vivo has beei 
consistent ■with the hypothesis that CO 2 assimilation proceeds by "way of th 
Wood-Werkman reaction In order to learn more concemmg the details of thi 
reaction, experiments have been earned out ■with extracts of vanous tissues 

b Studies of the Wood-Werkman reaction unth extracts The enzjnne system 
mvolved m the Wood and Workman carboxylation reaction have been studiec 
by Workman and co-^workers and by Evans and his group Krampitz and Werk 
man (68) have isolated an enzyme from a preparation of Micrococcus lysodeikticu 
which decarboxylates oxalacetate to pjmivate m the presence of magnesium ions 
Cocarboxylase was not needed for the reaction Although the formation 0 : 
oxalacetate from pyruvate could not be demonstrated by this bactenal prepara 
■tion, there is evidence that it is mvolved m the pyruvate carboxylation reaction 
When oxalacetate, the enzyme and magnesium 10 ns ■were allowed to react in £ 
medium contaimng C ^*02 until approximately fifty per cent of the oxalacetah 
disappeared, C** was found m the remaining oxalacetate m the carboxyl carbon c 
to the methylene group (146, 69) 

The over-all formation of oxalacetate from pyruvate and CO 2 by extracts oi 
E colt has been recently demonstrated by non-isotopic experiments of Kahutskj 
and Werkman (63) 

The r61e of phosphate m the Wood-Werkman reaction is at present unknoivn 
Krampitz et al (69) beheve that oxalacetate is m eqmhbnum ■with some three- 
carbon acid which is more readily carboxylated than pyni^vic acid They 
beheve that the mtermediate may be a phosphorylated denvati^ve of pyruvic 
acid, not necessarily phosphopyru^vnc acid “Oxalacetate” obtamed durmg fuma- 
rate oxidation by an enzyme preparation of Micrococcus lysodeikticus was 
considerably enriched ■with isotopic carbon Wood and Werkman conadei 
that the “oxalace^tate” formed by fumarate oxidation is more active, physio- 
logically, than synthetic oxalacetate and that it undergoes decarboxylation to 
form the active carbon dioxide assimilatmg mtermediate ■with greater facihty 

The crude enzyme preparation from Micrococcus lysodeikticus contains no 
enzyme which is capable of distnbutmg the assimilated heavy carbon of oxal- 
acetate equally on both carboxyl carbon atoms This is m contrast to the en- 
zyme system prepared from pigeon hver by Evans, Vennesland and Slotm (49, 
60) These mvestigators have obtamed an enzyme preparation which can fix 
radioactive CO 2 m the presence of pyrunc acid through a senes of reactions 
which result m the formation of radioactive pyru^vic acid They postulate 
that carbojcyl isotopic pyru^vate is formed by a senes of reactions mvol^ving 
carboxylation of pyruvic acid to form carboxyl isotopic oxalacetate, distnbution 
of the isotope between both carboxyl groups and decarboxylation of this dicar- 
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boxylio aad to pjTuvate Practically all of the COi assumlated was present 
la the pyruvic aad isolated When fumarato or malate as well as pyruvate 
was added to the eniyme preparation m the presence of radioactive bicarbonate, 
a considerably greater amount of radioactivity was fixed than when pyruvate 
alone was the substrate The ensyme preparation contamed an active fumarase 
system For every mole of fumarate or malate that disappeared, one mole of 
COi was produced and one mole of laotio acid was formed The reaction has 
been divided into the foUowmg steps 

fumarate malate I 

malate + pyruvate lactate + oxalacetate }■ (10) 

oxalacetate ^ C“Oi + pyruvate J 

Only 16 per cent of the total radioactivity assimilated was present m the pyruvate 
isolated The remainder was found m the filtrate and, m view of the lack of 
other mtermediates m solution, was considered to be present m the lactate, 
malate and fumarate molecules There is evidence that the dialysed enzyme 
requires manganese ions and perhaps cosymase for reactivation In contrast 
to the oxidacetata decarboxylase of bacterial ongm, magnesium ions did not re 
activate the ensjuie prepared from pigeon liver 
3 Carbon io cmbon addUum by CrCt union At present, with certain excep- 
tions, the Wood and Werkman reaction accounts for the incorporation of CO> 
mto orgamc molecules by hsterotrophio systems There have been attempts, 
however, to demonstrate the assunilation of COi through addition to acetalde- 
hyde accordmg to the reaction 

CO, + CHiCHO -» CHjCOCOOH (11) 

but BO far, no substantial evidence exists demanstmtmg that this reaction, an 
example of CrC, umon, occurs to a significant extent Evans (46) has found no 
exchange of the carboxyl carbon of pyruvate and CO, m the presence of car- 
boxylase even when the pressure of carbon dioxide was as high as 300 atmoe- 
pheres. Carson et al (31), m a similar type of experiment, could likewise find 
no significant amounts of radioactive carbon m the pyruvate isolated In order 
to test whether, m piro, any labelled pyruvate formed could be transformed or 
removed from the eniyme surface by a rapid reaction competing with the de 
carboxylation, Carson et ah have used the bacteria, Sirepiococcus ladu This 
specieB dissimilates pyruvic acid into laotio aad, acetic aad and CO, At least 
two separate reactions are involved 

CHtCOCOOH -f H,Oc-+ OHjCOOH -(- CO, -b 2H+ -b 2er (12) 

CH,COCOOH -b 2H+ -b 2e- c:; CH,CHOHCOOH (13) 

Any radioactive pyruvate formed by the reversal of reaction (12) should be 
trapped as lactic acid by reaction (13) However, durmg the course of reaction 
no radioactive lactic acid was formed 
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In spite of the failure to demonstrate the reversibihty of the pyruvic acid de- 
carboxylase reaction, Utter, Lipmann and Werkman (135) have recently re- 
ported that pyruvic acid may be formed from acetyl phosphate and formic acid 
(Ca-Ci umon) After mcubatmg isotopic fonmc acid and non-isotopic pyruvate 
with extracts of Eschenchm colt, both reactants were isolated and found to con- 
tain the same concentrations m their carboxyl positions showmg that an 
equihbnum had been reached Other experiments by Lipmann and Tuttle (83) 
have demonstrated that acetyl phosphate is a component of this equihbnum 
Smce, at the end of incubation, the COj had a much lower concentration of iso- 
tope C'® than did the formic acid and smce the pyruvate had a high concentration 
of isotope, it may be concluded that the pyruvate had not been formed from a 
reaction of CO 2 and some other pyruvate precursor 

Although Hz and COj were not m equihbnum with formic acid m the bacterial 
extracts, such an eqmhbnum can apparently exist m mtact cells This is indi- 
cated by the formation of pyruvic acid from acetyl phosphate and COi m woo 

There has been an attempt to assess the relative importance of the CrCi and 
Cj-Ci reactions m accountmg for the assimilation of COz mto organic molecules 
durmg certam bactenal reactions Slade et al (120) have reported the forma- 
tion of lactic acid with fixed carbon m the carboxyl group by Clostridium wdchn 
and by Chsindium acetobidylicum In spite of the formation of large amounts 
of lactic acid, the dicarboxyhc acids were not synthesized to an appreciable 
extent The lack of formation of dicarboxyhc acids has raised doubt about their 
importance as mtermediates of COj fixation m lactic acid (via reaction (7)) In 
a further study of this problem. Brown, Wood and Workman (22) have measured 
the rate of metabohsm of succimc, fumanc, mahc and oxalacetic acids by prepa- 
rations of Clostridium iutylicum They have found that these acids are not 
metabohzed at a sufidcient rate to warrant their inclusion as mtermediates of COj 
fixation m lactic acid Instead, they beheve that Ca-Ci fixation may account for 
their results 

The reversibihty of the “phosphoroclastic” reaction is mterestmg because it 
demonstrates a second mechanism m addition to the Wood-Werkman reaction 
by which carbon dioxide may be mcorporated mto orgamc compounds Al- 
though the QrCi reaction undoubtedly has significance m bactenal metabohsm, 
there is as yet no information concemmg the importance of a similar reaction m 
mammahan metabohsm Considerable evidence has accumulated pomting to 
the importance of the Wood-Werkman reaction in the metabolism of carbon 
compounds m mammahan tissues, however This will be discussed m the suc- 
ceedmg section 

Metabolism in higher forms The mtroduction mto biological ■nork 01 
isotopic carbon (C“ and C^*) has made possible new studies of mammalian inter- 
mediary metabohsm both in vitro and in vivo Although deutenum is invalua^ 
m the study of fat and protem metabohsm, its use is limited when apphed to ^ 
study of carbohydrate reactions smce deutenum is usually lost from carDO- 
hydrates and carbohydrate precursors by oxidation or by non-specific exchange 
reactions Durmg the study of carbohydrate metabolism in vivo, it became 
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evident that isotopio carbohydrate preouisora are diluted by tissue constituents 
in much the same manner as are dietary proteins and fats Use has been made 
of isotopio carbon to study the interaction of these carbohydrate precursors mth 
materials of the dHutmg metabolio pool 

Durmg the last eighty years, several theories (141, 102) have been proposed 
to explain the relationship betiveen the foodstuffs of the diet and the protoplasmic 
and struotuial matenala of the body One of the most important of these 
theories waa. developed by Folm (61) Because of the constancy of excretion 
of certam waste products of metabolism— o,g , creatinine — and the vanabihty 
of others — e g , urea — ^Fohn believed that there were two distmot kmds of protein 
metabolism ocoumng sunultaneoualy which produced two different sets of waste 
products One type of metabolism, reaultmg from “wear and tear” of the bio- 
logical “machinery,'' was charactenied by the constant rate at which its products 
wore formed and was referred to as tissue, or endogenous metaboham, the other, 
resultmg from the mtroduction of foodstuffs mto the organism, was charactenied 
by the vanabihty of the eicrebon of its products and was called mtermediato, or 
exogenous metabolism Accordmg to Folln, there was htUe mteraction betaaen 
the components of these two biological systems This theory of protem me- 
tabolism was widely accepted until recent years The work of \^pple and 
Madden (89) and of Borsook and Keighley (10) raised questions regarding its 
coireotnesB and their work has been supplemented and greatly extended by the 
experiments of Schoenheimer and his colleagues Usmg the stable isotopes of 
nitrogen and hydrogen, they were able to show that special proteins (116, 117, 
67) and creatinine (13, 15, 14), supposedly components of an isolated endogenous 
system, were derived to a considerablo extent from dietary sources From these 
and other experiments demonstrating the vast range of the interaction between 
foodstuffs and tissue constitueuts, Schoenheimer developed a new theory of 
metabolism The essence of Schoenheimer'B theory of the dynamic state of the 
body constituents has been succmctly stated by Clarke (32) as follows “As a 
result of Schoenheimer'a investigations, there has emerged a concept of metabolio 
‘regeneration,' wherein the central idea is the contmual release and uptake of 
chemical substances by tissues to and from a circulating metaboho ‘pool ' Co- 
inddent with these cycho processes, there occur among the components of the 
pool multitudinous chemical reactions of which relatively few are concerned 
with elimination of waste products ” Metaboho matenals and reactions are, 
therefore, no longer to be thought of as segregated mto exogenous and endogeous 
parts, but rather as a system whose components, n hether m tissues or out, are m 
a state of dynamic equilibrium 

It is in the h^t of this theory of dynamic equihbnum that the subsequent 
work on metabolism of organic compounds will be presented 

A Rdalum of ilelaboitc Watie Produdt and Etsenttal Foodtiufft to the Metabobc 
Pool. Through the isotopic study of the nitrogen waste products of metabolism, 
the theory of a separate exogenous and endogenous metabolism was imdermmed- 
Folm considered that urea resulted solely from the breakdown of exogenous 
metabohtes, whereas creatinine among other substances was thought to onginato 
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at a constant rate solely from tissue constituents In spite of the chemical re- 
lationship between creatine and creatinine, Fohn (62) considered that the latter 
was not derived from the former, smce he could not demonstrate an mcrease of 
urinary creatinme upon administermg creatme Although a relationship be- 
tween the content of body creatme and urmary creatinme has been subsequently 
estabhshed by a number of mvestigators (95, 108, 2), it was not until the recent 
work of Bloch and Schoenheimer (13, 15, 14) that the metabohsm of creatme was 
clarified Creatinme is now known to ongmate solely from creatme In the rat, 
approximately two per cent of the body content of creatme is converted mto 
creatinme daily The rate of creatme formation from dietary and tissue sources 
has hkewise been found to occur at the same rate as its conversion to creatinme 
The experiments of Bloch and Schoenheimer have demonstrated that as much 
as 25 to 30 per cent of the mtrogen m the newly formed creatme is derived from 
the isotopic components added to the stock diet contammg casern An addi- 
tional part of the creatme formed is denved from the non-isotopic ammo acid 
precursors m the diet as well as m the tissues of the animals Creatme and m- 
directly creatinme are thus constantly formed from food as well as from tissue 
matenal 

Urea hkeiyise is denved from both tissue and dietary constituents Ammonia, 
as well as the ammo groups of ammo acids are ready sources of the mtrogen of 
urea (115) CO 2 has been shown by the isotopic method to play a r61e m urea 
formation Laver shoes m the presence of isotopic COj produced urea contauung 
high concentrations of carbon isotope (48, 107) 

Whatever the biological factors may be that regulate the excretion of creat- 
mme and penmt the vanabihty of urea excretion, they are not adequately ex- 
plamed by the existence of a separate endogenous and exogenous metabolism 
Instead, the mtrogenous end-products of metabohsm are formed from a common 
metabohc pool, the constituents of which have been denved from both the tissues 
and the diet 

Creatinme and urea are ahke m that, once formed, they do not re-enter the 
metabohc reactions of the body (116) The administration of isotopic creatmine 
and urea results m the excretion of the compounds m the urme iVith unchanged 
isotope concentrations Because creatinme and urea once formed do not enter 
mto metabohc reactions, one may consider that they he outside that body of 
metabohtes which are known collectively as the “metabohc pool ” 

There is stiU another group of substances which may be placed ih this same 
category These are the essential foodstuffs such as the essential ammo acids, 
essential imsaturated fatty acids, and probably many of the vitammS (4) 
though durmg them metabohsm these essential substances are uiidoubtedly 
catabohzed mto products which mix mtimately with the large metabohc po^ 
they are apparently not regenerated from it The two requirements cf a 
ohte before it can be considered as a part of the “metabohc pool” are that it 
capable of formation from and contnbute to the synthesis of other compoMD 
of the pool In other words, there exists among the components of the metabo c 
pool a state of dynamic equihbnum 
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B Rdalum of Structural and Storage Maiencds to the MetaMic Pool The 
extent to which the structural and storage elements of the organism react with 
metabohtes of the metabohc pool is a function of the rate at which these ma 
tcnals are synthesized and degraded m the animal The structural or storage 
materials of the body are usually of high molecular wei^t and are often rela 
tively insoluble m water Consequently, one would not expect these substances 
to come mto complete equilibrium with the components of the metaboho pool 
at the same rate as do the highly reactive, water-soluble, small molecular ueight 
compounds They will m time, however, reflect the composition of the metaboho 
pool from which they ongmate The length of tune required for equilibrium to 
occur depends upon the mdividual structural or storage materisl Thus, mice 
forming fat from carbohydrate will resynthesize one-half of their total fat depots 
dunng a penod of seven days (6) Consequently, if the anim al mamtains a 
static weight for seven days, one half of the original amount of fat m the depot 
will have been degraded and contnbuted to the metaboho pool m the form of 
oiidizsble mtennediates Liver fat is similnrly synthesiied and degraded seven 
times faster than is the depot fat (6), cholesterol turnover, howeimr, is about 
one-third as fast (106) 

It may be stated at once that, after glycogen, fat, and protem have been de 
graded mto their simpler elements — lo , pyruvic acid, fatty acids, and ammo 
aads — the reactions mvolved m the further degradation of these substances mto 
COi and water have much m common (fig 1) 

The mechanism of oxidation of carbohydrates was the first to be mvestigatei 
Sient-Gyflrgyi (132) and Stare and Baumann (126) found that the addition of 
catalytic amounts of certain dicarboiyho acids stimulated considerably the 
oxidative processes of isolated tissues As a result, they assigned to these acids 
a idle m the hydrogen transport mechanism of tissue oxidations Later Krebs 
and Johnson (76), with the knowledge that citnc aad as well as a ketoglutano 
acid acted as catalysts m oxidative reactions, postulated the formation of a six 
carbon, tnearboxyhe aad by the condensation of oxnlncotic aad with a three- 
carbon carbohydrate mtermediate accompanied by decarboxylation The suo- 
ceaavo oxidation of atno aad, the postulated mtermediate, to omlacetic aad 
regenerated one of the reactants, thus exp lainin g the catalytic effect of s m all 
amounts of dicarboxjhc aads on carbohydrate oxidation The net result was 
the oxidation of carbohydrate to carbon dioxide and water This cycle of rcac 
lions was first called the ' atno aad cycle ” It is now more commonly referred 
to as the “tncaiboxyUo aad cycle ” 

Certain ammo aads, alanine, glutamic and aspartic aads, are closely related 
to components of the tnearboxyhe aad cycle By transamination reactions 
first shown by Braunstein and Kntimann (19), there three aads may be trans 
formed mto them respective keto aads pyruvic, o-ketoglutanc and oxnlacetic 
For example 

CH, CO COOH -i- HOOC CH, CH, CHNH, COOH 

i^CH, CHNH, COOH -b HOOC CH, CH, CO COOH (14) 
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Since these reactions are reversible, acids of the tncarboxyhc acid cycle can 
either be formed from or contnbute to the synthesis of certam ammo acids In 
addition to enzymes of the transamination system, there is an 1-ammo acid 
oxidase which reversibly converts glutamic acid mto a-ketoglutanc acid and 
ammonia (44) 

Recently it has been demonstrated that the orgamc acids of the tncarboxyho 
acid cycle are mtermediates m the oxidation of fatty acids and ketone bodies 
(20, 21, 146, 26, 105) 

The orgamc acids of the tncarboxyhc acid cycle are consequently the meetmg 
pomt of protem, fat and carbohydrate metabolism Smce the conversion of one 
foodstuff mto another may mvolve reactions of the tncarboxyhc acid cycle, a 
substance may be diluted by the components of the cycle durmg the course of 
the reaction Even though the tncarboxyhc acid cycle may not be directly 
concerned m a given reaction of the organism, the reactmg substance may come 
mto eqmhbnum with the components of the cycle before undergomg its primary 
transformation Thus, the composition of the primary product of reaction will 
reflect the secondary circmtous eqmhbnum reactions mvolvmg the reactant 

1 The tncarboxyhc acid cycle and the rdle of COt The mechanism of the oxi- 
dative dissimilation of carbohydrates has been studied by Krebs and Eggleston 
(72) usmg pigeon breast muscle As mentioned previously, they found that the 
presence of a small amount of dicarboxyhc acid was an essential component of the 
system which oxidizes psmivic acid Smce only small amounts of oxalacehc 
acid are necessary to efltect the oxidation of large amounts of pyruvic acid, 
oxalacetate must be contmually regenerated by the cychc reactions by which 
pyruvic acid is oxidized The addition of malomc acid, a specific inhibitor of the 
succmoxidase system, prevents the regeneration of oxalacetic acid and causes 
the accumulation of the products of the condensation of pyruvic and oxalacetic 
acids — ^1 e , citnc, a-ketoglutanc and succimo acids When a tissue, poisoned 
with malonate, uses up its endogenous sources of oxalacetate, the oxidation of 
P5uuvate stops and can only be started agam by the addition of oxalacetate or ite 
eqmvalent The amount of pyruvate disappeanng imder these circumstances is 
eqmvalent to the amount of oxalacetate added to the tissue 

In contrast to pigeon muscle mmce, Evans (45) has found that pigeon hver 
mmce poisoned with malonate does not require the addition of dicarboxyhc 
acids to oxidize pyruvic acid Apparently, pigeon hver mmce is capable of syn- 
thesizmg its own dicarboxyhc acids from pyruvate Krebs and Eggleston (73), 
from mdirect evidence, suggested that the dicarboxyhc acids arose from pyruvate 
by means of the carboxylation reaction of Wood and Workman (equation (8)) 
In them experiments with normal pigeon hver mmce, a decrease of utflizatioii 
of pyruvate and consequently of dicarboxyhc acid production was observed 
when bicarbonate was excluded from the mcubatmg medium Thiamme was 
also demonstrated to play a r61e m pyruvate dissumlation The rate of pyruvate 
dissimilation was decreased m hver suspensions of thiamme-deficient pigeons 
containmg an adequate amount of bicarbonate The addition of thiamine to 
these suspensions mcreased the rate of production of dicarboxyhc acids severa 
fold 
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Direct evidence for the utilisation of carbon dioxide by rat liver was obtained 
by Jluben and Kamen (111) using radioactive carbon Although assimilation 
of carbon dioxide was demonstrated in their expenments, no specific reaction 
products containing radioactive carbon were isolated 
However, Evans and Slotin (47), extending their earlier experiments, isolated 
radioactive or-ketoglutano acid formed by pigeon bver mince from pyruvate in 



Fig 1 DUgram lUuitrAtlng rcsotioos iavolriog examples from c&rbohjdraie, protein 
and fat metabolio pools 

Cifclt I Gives hypothetical reaoUoos of pyruvate and 00} in formation of phospho 
pyrovate 

CyeU Jl Give* reacUoas of tricarboxyllo acid cycle in oridatJon of pyruvate to 300* 
+ 2H,0 

Compounds mariced * have been studied by laotoplo analyais 
Broken boxes designate substances of hypothetical signiBoanoe 
Broken lines designate reactions omitted. 

Fonnulu of adds of cycles I and U are to be found m figure 8 except 


Sucdnio HOOC CHt CHi COOH 
Cis-aeonitic HOOC CH C CHi COOH 
OOOH 

liocitric HOOC CHOH OH OH, COOH 
COOH 

Citnc HOOC OH, COH OH, COOH 
COOH 

the presence of radioactive bicarbonate The o-lmtoglutarate isolated contained 
r^oactivity only m the carboxyl carbon a to the keto group Accordmg to 
Krebs' scheme for the dissimilBtion of pyruvio amd, one molecule of pyruvate 
condenses with one molecule of oxalacetate to form the hypothetical mter 
mediate, oxaldtraconate By oxidative decarboxylation, this latter compound 
may be converted into dtnc add As citric aad is a ^mimetncal compound, 
^ o ketoglutanc aad formed from atnc aad might have been expected to 
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contain radioactive carbon m either of its carboxyl groups However, it did not 
The observations of Evans et al indicate, therefore, that citnc acid cannot be u 
direct intermediate m the formation of a-ketoglutanc acid from pyruvic acid by 
hver mince Furthermore, the specific radioactivity of the a-ketoglutarate 
formed was not altered by the addition of citrate to the medium If citrate 
were an mtermediate m the dissimilation of pyruvate, the specific radioactivity 
of the a-ketoglutarate formed should have been considerably reduced 
Several other mterestmg observations have been made by Evans and Slotm 
(47) Alpha-ketoglutarate formed m the presence of fumarate, pyruvate and 
radioactive carbon dioxide m pigeon muscle mmce does not contam radioactive 
carbon, thus mdicatmg that the carboxylation reaction (equation (8)) does not 
take place m this muscle preparation This experiment is also mdirect evidence 
that the assimilation of carbon dioxide by hver is not a non-specific exchange 
phenomenon, but rather due to a specific chenucal reaction That the products 
of carbon dioxide assmulation may mclude ammo acids is indicated by the ob- 
servation that considerable radioactivity was released by treatmg the hver mince 
with either chloramme T or mnhydnn 

Wood, Workman, Hemingway and Nier (154) have confirmed and extended 
the evidence obtamed by Evans and Slotm They have studied the aerobic 
formation of succmate from pyruvate by pigeon hver mmce m the presence of 
malonate and its synthesis anaerobically" m the absence of inhibitor In the 
former case, the succinate isolated did not contam isotopic carbon denved from 
the isotopic COa present m the mechum As m the experiments of Evans and 
Slotm, the a-ketoglutarate contamed excess isotopic carbon m the carboxyl 
group a to the keto group Fumarate and malate both contamed isotopic carbon 
m the carboxyl position Smce succmate contamed no isotopic carbon, it was 
considered to arise solely from the oxidative decarboxylation of a-ketoglutarate 
This experiment demonstrated conclusively that malonate m the concentrations 
used does completely inhibit succimc dehydrogenase and hence prevents the 
formation of succimc acid by the reduction of fumanc acid As expected, m 
anaerobic experiments m the absence of malonate, the succmate as well as the 
fumarate and malate contamed excess isotopic carbon m the carboxyl position 
These experiments have demonstrated that there are at least two pathways 
for the formation of succmate from p3Tuvate by pigeon hver mmce (fig 1) ^7 

one path, succmate is formed by reductive steps from oxalacetate, the latto 
bemg synthesized from pyruvate and carbon dioxide accordmg to the Wood and 
Werkman reaction The last step m this senes — i e , fumarate ^ succmate— 
is completely inhibited by malonate The other path for succmate formation 
IS aerobic There are no enzymes m this senes of oxidative reactions which are 
specifically inhibited by malonate Accordmg to Wood at al , the first step 
of this senes is an oxidative condensation of oxalacetate and pyruvate to form 
cisacomtate This latter compound is hydrated to isocitrate which is oxidize 
and decarboxylated to a-ketoglutarate The place of isocitrate and cisacomta 
m this scheme is at present tentative Evans and Slotm beheve that cisacomta 
cannot be the mtermediate m this senes of reactions smce citrate, isocitrate an 
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macomtata are m equilibnum with each other Krebs (71), on the other hand, 
postulatea that the rate of conversion of oisaconitate to a ketoglntarate is so much 
fastef than its conversion to citrate that equihbnum between cisacomtate and 
citrate never occurs, at least, m pigeon hver 
Ochoa and Weisi-Tabori have recently demonstrated the presence of oxalo- 
Bucdnic carboxylase m pig heart preparations (100a) This observation has led 
Ochoa to the conclusion that the emyme system composed of acomtase, laooitno 
dehydrogenase and oxalosucomio carboxylase may provide another important 
manner m which COi is ubhied (100b) 

Thus, it may be stated that although the tncarboxyhc acid cycle provides a 
reasonahle and logical description of the chemical reactions concerned with the 
conversion of pyruvate to COj and water, and although there exists considerable 
evidence of an redirect nature pointing to its significance m intro, direct proof 
for its correctness in detail and the magmtude of the r61e it plays tn mvo await 
further data 

2 Qlyeogen tynthaw and glucote meidboham There are two fortunate factors 
which contribute greatly to the isotopio study of the synthesis of liver glycogen 
from its precursors One of these is the rapidity with which glycogen formation 
takes place re the hver after the administration of a vanotj of glycogenic sub- 
stances The other is the fact that the preformed stores of liver glycogen can 
bo reduced to a very low amount by fasting, so that the composition of the glyco- 
gen isolated after the administration of an isotopic glycogemc substance directly 
reflects the composition of the compounds from which it ongreates 
a Readiont of toolopw COi and ladaie tn liser glycogen eynihem During the 
course of experiments, mvestigatreg the sources of glycogen carbon, Solomon, 
Vennesland, Klemperer, Buchanan and Haetmgs (121) observed that starved 
rats fed non isotopio lactic aad and injected intrapentoneally with isotopic 
sodium bicarbonate, (NaHC“Oj), had an apprecmble quantity of radioaotivo 
carbon re the glycogen which was formed re the hver * From the specific radio- 
activity of the expired COi, and the apeafio radioactivity of the newly formed 
f^ycogen carbon, the proportion of this glycogen carbon which had been COj 
in the body was estimated and found to average 11 per cent In three out of the 
aeven experiments reported, the proportion was 13 9, liJ2, and 16 6 per cent 
These results were interpreted ns being consistent with the reactionB suggested 

* It Bhoold be rscordod that at a coaferenoo of tba Harvard InveaUgators aariy in the 
fall of 1039 oar former colleacue Dr Birgit Vonneeland had with Infallible feminine m 
tuition Buggeeted the pooaibllity of CXh incorporation In glyoogen, and proposed an oxperi 
ment with radioactive CO, and non radioactive lactate This suggestion seemed fantaatlo 
to the undersigned and it was not carried out until the spnng of 1940 And even then 
it was performed as a control experiment to insure the adequacy of the oxporimonta] pro 
cedurea employed when radioactive lactic acid was fed 

Tindmg radioactivity in the liver giyoogen whose source was CO, continued to be viewed 
with alteptldsm until Doctor Vennesland succeeded after several disappointments in 
winning the race against the five hour deadline eot by the rapidl> decaying 0“ and demon 
Btrated the presence of the radloactlvitj in the oeaaone laolated from hydrolyied giyco 
(137) A BJH 
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by Lipmann (82) and Kalckar (60) for the formation of phosphopyruvate from 
dicarboxyhc acids (fig 2) According to this hypothesis, the reactions tracing 
the fate of isotopic carbon atoms startmg "with the Wood-Werkman reaction 
(pyruvate + COj) are given m figure 2 It is to be noted that these reactions 


REACTIONS OF (0) ISOTOPIC COj AND (b) ISOTOPIC ACETATE 
LEADING TO ISOTOPIC GLYCOGEN CARBON 
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Fig 2 The positions of isotopic carbon m glycogen intermediates are mdicated by * 
Reactions proposed for incorporation of isotopic carbon in liver glycogen in vivo (a) after 
C*Oi and lactate admimstration (Ref 47, 164, 121), after C*Oi and glucose administration 
(Ref 137, 147) , (b) after isotopic acetate, CHiC*OOH, and glucose (Ref 81, 26) ReaotioM 
of C*Oi are shown at left, reactions of isotopic acetate at right Isotopic carbons from botn 
sources are indicated as having identical positions from fumarate to glycogen 

Broken boxes designate hypothetical compounds, broken Imes designate omitted renc* 
tions Only the carbons of glucose-6 phosphate have been indicated 

would predict that one-sixth of the carbon atoms of glycogen were denved from 
COj carbon. 

Recent experiments with non-isotopic glucose and with isotopic C“Oi by 
Wood, Lifson and Lorber (147) have proved that the CO* carbon occupies posi- 
tion 3 or 4 m the glucose denved from the newly formed glycogen 
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From work recently reported by Lardy and Ziegler (77), it would appear that 
direct phosphorylation of pyruvate to form phosphopyruvnte can occur m ex- 
tracts of rat muscle m the presence of potassium ions Previous attempts to 
demonstrate the direct phosphmylation of pyruvate had been unsuccessful (B4) 
and had led to the hypothesis of Lipmann and of Kalckar referred to above 
The observations of Inrdy and Ziegfer taken together with the eiqienments of 
Evans, Vennesland and Slotm (60) and of Wood, Vennesland and Evans (147a) 
present an alternate pathway whereby isotopic carbon from C*Oi could par- 
ticipate m glycogen formation. (See fig 1 and the following reacbons ) 


pyruvate -}- C*Oi ^ oxalacetate* 1 

oxalacetate* pyruvate* -t- COi 

pyruvate* + ATP phoaphopyruvate* + ADPj 


(16) 


Until farther work on this question has been earned out, it is not possible to 
evaluate the relative biological importance of the two ways whereby phospho- 
pyruvate may be formed in truo 

b Readwru of tsoUrpic lactale tn Ueer glycogen synihesis Although the syn- 
thesis of hver gjycogen is known to be mereased by lactate administration (34), 
the extent to which the lactate mokoules administered comprise the glucose umte 
of the glycogen was unknown pnor to the use of isotopic lactate Expenments 
have now been reported using isotopic lactate with radioactive carboigd carbon 
(CHjCHOHC“OOH) (37, 33), and with radioactive a or ff carbons (CHjC“ 
HOHCOOH or C“H,CHOHCOOH), (136) which clarify this question 

It was found that in rats fed Isotopic a-0 carbon lactate an average of 16 per 
cent of the glycogen formed was derived from three-carbon lactate imits after 
aHowmg for the radioactivity due to COt mcorporation This may be mter- 
preted as mdicating a six-fold dilution of the lactate molecules in the effective 
carbohydrate metaboho pool The reactions which would account for the pres- 
ence and positions of the radioactive carbons m the ^ucoee imits of the glycogen 
are indicated m the left hand column of figure 3 

These reactions would predict the presence of isotopic carbon in positions 1-6, 
1-6, 2-6, or 2-6 of the glucose unit The eonectness of this prediction of the 
positions of the isotopio carbon has not been proven 

In the experiments with isotopio carboxyl lactate, the specifio radioactivity 
of the ^ycogen formed was considerably less than in the experiments with isotopic 
a-fi carbon lactate It would appear from the data presented that an average 
of only 6 per cent of the glycogen was denved from three-carbon lactate units 
after allowing for the radioactivity due to COi incorporation However, when 
the reactions concerned m the conversion of isotopic carbaxyl lactate are re 
viewed (fig 3, nght-hand column), it is seen that oiy half as much isotope per 
glucoee umt would bo expected as m the experiments with a-fi lactate This is 
due to the loss of ladioaotive carbon as CO* from half the origmal three-carbon 
lactate umts Since the reactions listed in figure 3 predict that twice ns much 
isotopic carbon is to be expected m gljTogen denved from isotopio ct-d carbon 
lactate as from isotopic carboxyl carbon lactate, and smeo 16 per cent and 6 per 
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REACTIONS PROPOSED FOR GLYCOGEN SYNTHESIS FROM 
ISOTOPIC LACTATE 
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Fig 3 The pomtions of isotopic carbon m glycogen intermediates are indicated by 
Ileactions of isotopic p carbon lactate only shown at left Reactions of isotopic a carbon 
lactate would give same end result and have been omitted (Ref 136) 

Reactions of isotopic carboxyl carbon shown at right (Ref 33) 

Broken boxes designate h}Tiothetical compounds, broken lines designate omitted leac 
tions Only the carbons of glucose-6-phosphate molecules have been indicated 
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cent, respectively, rvere found, support is given to the over all theory of COj 
aashnilation during glycogen synthesia The correctness of the details of reao 
tons listed in figure 3 and the positions occupied by the isotopic carbon m the 
^cose unite await further study 

0 Rtadiont of tsoiopio COi and glttcose in finer glycojen $ynthcns Eicpenments 
have also been carried out in which glucose (137) was fed to a fasted nnimal and 
radioactive bicarbonate injected Apprccdinately 13 per cent of the carbon of 
the newly formed ^oogen was found to have ongmated from carbon dioxide 
This IS m good agreement with the amount of carbon dioxide carbon entering 
glycogen dunng its formation from lactate 

During the synthesiB of glycogen from glucoee in mtro by rabbit hvor slices, 
however, only small amounts of radioactive carbon dioxide were inoorporated 
mto the glycogen formed (137) This is m contrast to the results obtained 
in vitro with radioactive NaHCBOi and non isotopio pyruvate as substrate m- 
stead of gjucoee Approximately 12 per cent of the glycogen formed in vitro 
from pyruvate by rabbit hver shcea ongmated from carbon dioxide (24) In 
experiments, as yet unpublished (23) m which non isotopic pyruvate was fed to 
rata and isotopic NaHC’Oj was mjected, glycogen was formed, in nto, which 
contamed 14 per cent carbon onginatmg from CXh 

The agreement between the resulte obtained with pyruvate in mvo and in niro 
and the disagreement obtained m the case of gincoee is of mterest m considering 
the metabolism of glucose m the body Accordmg to the present theones of the 
formation of glycogen from glucoee developed from the work by Cori and his 
co-WOTkers usmg pure enzyme systems, no step would appear to require carbon 
dioxide mcorporation (36) 

glucose —t glucose-fl-phosphate — » glucose-l-phosphate — i glycogen (16) 

That this IS probably ths case durmg glyccgenesia by a tissue system m which 
dilution and equilibrium phenomena play a nunor Me is indicated by the in vitro 
expenmenta with rabbit liver ahees In the mtact animal, however, absorbed 
glucose is subject to many reactions which do not occur m the isolated system. 
The fact that the radioactive carbon of mjected NaHC*'Oi is incorporated mto 
glycogen to the same extent after glucose feedmg as alter lactate and pyruvate 
feedmg indicates that the glycogen depoeited has ongmated m part, at least, 
from compounds which have undergone a carbon dioxide mcorporation reaction 
Since the glucose absorbed must have represented a significant portion of the 
final metaboho pool, it must be assumed that the ingested glucose comes mto 
cquilibnum very rapidly with the dicarboxyhc acid jiool before its conversion to 
^ycogen This may occur accordmg to the reactions shown m figure 1 The 
reactions between giucoeo4i-phosphate and the dicarboxyhc acids and pyruvate 
are araumed to occur much more rapidly than the conversion of ^ucosodJ-phos 
phate to glycogen. 

As stated m the precedmg section, Wood, Isfson and Lorber (147), usmg C'*, 
have provided further impressive evidence for the vahdity of the above reactions 
for COj asBiinilation into glvcogcn following the administration of glucose to 
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white rats By chemical and bactenological procedures, these mvestigators 
have found that C** is located m the third or fourth carbon atoms of the glucose 
obtained from the hver glycogen of rats recemng glucose and isotopic sodium 
bicarbonate These results would have been expected if glycogen is synthesized 
from three-carbon umts by way of the dicarboxyhc acids and the classical glyco- 
l 3 rtic scheme (fig 2) 

Although glucose plays an active rdle m the equdibnum reactions of the 
metabohc pool, glycogen is relatively mert m this respect When radioactive 
bicarbonate was mjected mto a well-fed rat with large stores of hver glycogen, 
no radioactivity was found m the hver glycogen isolated after two and one-half 
hours Thus, the mcorporation of Cu m hver glycogen occurs to an appreciable 
extent only when the animal is actually making and depositmg glycogen (121) 
d Glycogen synthesis in musde A study has also been made of glycogen syn- 
thesis m muscle tissue after feedmg lactate, pyruvate or glucose and injecting 
NaHC^Os After the administration of glucose and NaHC”Oj, the muscle 
glycogen contamed significant amounts of (137) Such was not the case 
after feedmg lactate or pyruvate (121, 23) Whether or not new muscle glycogen 
was formed m these experiments is not known 

On the other hand. Boxer and Stetten (18), usmg the presence m glycogen of 
deuterium, after the administration of DjO, as a measure of glycogen synthesis, 
found an appreciable formation of muscle glycogen 4 hours after the administra- 
tion of lactate to a fasted rat The failure of C“ to appear m muscle glycogen 
after the administration of lactate may have been due to lack of glycogen syn- 
thesis m this tissue durmg the experiments cited above or to a difference in the 
mechanism of glycogen synthesis m muscle and hver It is known, however, 
that CO 2 may be mcorporated mto glycogen durmg its synthesis by muscle 
tissue This has been shown by the experiments of Lorber, Hemmgway and 
Nier (84), who have studied the formation of muscle glycogen m an isolated 
cat heart perfused with a solution contammg glucose or lactic acid and isotopic 
carbon dioxide Regardless of the nature of the substrate, the glycogen isolated 
from the heart muscle contamed an excess of heavy carbon By assummg that 
each isotopic hexose umt of the glycogen contamed only one isotopic carbon 
atom, Lorber et al have calculated that, on an average, one-sixth of the total 
glycogen isolated after an experimental penod of 1 5 hours was formed by reac- 
tions mvolvmg the mcorporation of carbon dioxide 

It IS entirely possible that tw'o paths of glycogen synthesis from lactate occur, 
the one supplementary to the other In certam tissues such as muscle, where 
glycogen synthesis from lactate does not take place at a rapid rate and where 
CO 2 assimilation reactions are not particularly marked, the predominant pa 
way of glycogen formation may be by the direct conversion of pyruvate to ph(^ 
phopyruvate In contrast, m hver tissue, where glycogen synthesis from 
does take place at a rapid rate, glycogen formation mvolvmg the synthesis 0 
dicarboxyhc acids and the mcorporation of COj may be the primary pathway 
e NiUniional factors and glucose metabolism Ussmg (134) demonstrated t 
stably-bound deutenum is mcorporated mto hver glycogen durmg its syn e 
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from glucose by rats injected with deuteno-water Since the direct conversion 
of glucoee to f^ycogen according to equation (16) should not involve the mcor- 
poration of etably bound deutenum Into the glycogen molecule, Ussing’e resulte 
have been mterpreted aa meaning that part of the glj cogen was syntheaued from 
carbon units amaller than glucose Prom the reactions of figure 2, it would be 
theoreticalljr possible for all of the hydrogen atoms of a three-carbon glycogen 
precuiBor such as lactic acid to be removed or replaced by deutenum during its 
conversion to glycogen By feeding lactate to fasted rats mjected with deuteno- 
water, Boiter and Stetten (18) have demonstrated that deutenum of deutono- 
■water IS mcorporated mto practically aH the positions of the glycogen molecule 
theoretically possible dunng its synthesis from this three-carbOn precursor In 
subsequent expenmente in which glucose and deuteno-water were fed to animals 
and glycogen isolated under a vanety of eipenmental conditions, these mvesti- 
gators have assumed that glycogen contammg deutenum is formed by reactions 
involvmg small cqrbon chains, whereas glycogen contammg no excess of deu 
tenum results from the direct conversion of dietary glucose to glycogen by way 
of reactions of equation (16) By comparing the deutenum concentration of 
newly formed glycogen with the deutenum concentration of the body water 
la which it was formed. Boxer and Stetten have estimated m their expenments 
the proportion of gjycogen syntheafted by each of these two pathwaj’s 
When deuteno-water was administered to well nounshod animals on a high 
carbohydrate diet, the deutenum concentration of the hver glycogen gradually 
increased until it reached a constant level from 8 to 16 days after the begmnmg 
of the experunents (127) At this “saturation level” it was estunated that 43 
per cent of the newly formed hver glycogen was denved by reactions which 
mcorporated deutenum — ie , by synthesis from precuraore with carbon chains 
smaller than glucoee Only 3 per cent of the total ^ucoee metabohied was 
converted to glycogen, demonstrating that the conversion of glucose to glycogen 
IB not a major pathway of glucose metabolism Under certam conditions, the 
metabolism of the animal on a high carbohydrate diet could be altered so that 
a greater percentage of newly formed ^ycogen originated from carbon chains 
smaller than glucose These conditions were (a) the a dminis tration of adrenalm 
(129), (b) the administration of alloxan (128), (c) thiamine deficiency (17), or 
(d) fastmg of the animal 24 hours prior to the feeding of glucose (18) In each 
of these experiments, the isolated ^ycogen contamed a greater deuterium con 
centration than a sample isolated from a normal, well-nounshed control In 
contrast, the administration of glucose and insuhn to a fasted animal resulted 
in the formation of glycogen predominantly by the umon of bexoee umts Ihe 
results with adrenalin confirm carher oxpenments of Con and Con (36) who 
have stated that glycogen deposited m the hver of the previouslj fasted rat m 
response to adrenalm was denved from blood lactate 
Deutenum of deuteno-water is also incorporated mto fatty acids m constant 
amounts durmg their syntheaia from glucose (116) Using this as a measure of 
fat synthesis from glucoee, Stetten and Boxer have studied the rate of fat syn 
thesis after the feedmg of glucoee to smmals under some of the mnous expen- 
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mental conditions hsted abo\e Thirty per cent of the daily glucose supple 
ments of the diet of a weU-nounshed animal is converted mto fatty acids (127) 
When these animals vere poisoned with alloxan, thus producmg an insulin 
deficiency, the rate of fatty acid ssmthesis was reduced to 5 per cent of the normal 
value (128) This blockmg of fat ssmthesis m h 3 ^omsuhiiism thus represents 
the cessation of a major pathwa 3 '- of carbohydrate utilization No such de 
pression of fatty acid synthesis was observed in the case of the phlorhizinized 
animals where the islet tissue is mtact (129) 

The rate of fatty acid synthesis from glucose was also greatly diminished in 
the thiamme-deficient anim al (17) In another group of normal ammals whose 
calonc mtake was lowered to that of the thiamme-deficient group, the synthesis 
of fatty acids was hkewnse hindered Boxer and Stetten, consequently, consider 
that the lack of synthesis of fatty acids m the thiamme-deficient animal resulted 
from inanition rather than from any specific effect of the thiamme deficiency on 
carbohydrate metabohsm 

3 Metabohsm of fatty acids Although much has been learned concerning the 
metabohsm of carbohydrates, there has been until recently but httle conclusive 
experimental evidence available on the mtermediates of fatty acid and ketone 
body oxidation In the present section, this new evidence gamed from isotopic 
studies wiU be presented and its mterpretation m terms of current theones of 
fat metabolism will be discussqd 

a Formation of ketone bodies The classical experiments of Enoop (66) and 
Dakm (38) were largely responsible for establishmg the theory of successive 
j3-oxidation of fatty acids Accordmg to this theory, tw'o-carbon compounds 
are successively spht off from fatty acids and oxidized Hurtley (58) m 1916 
was the first to raise objection to this scheme of oxidation of fatty acids He 
proposed the theory of multiple alternate oxidation to account for the absence of 
short chamed fatty acids in the urme of diabetics excretmg excessive amounts 
of ketone bodies Accordmg to this hypothesis, approximately four ketones 
are produced by the oxidation of one sixteen-carbon fatty acid, instead of one 
which would be expected from the theory of successive )3-oxidation This point 
of view has been extended by work of Deuel (27), Stadie (122), Blixenkrone- 
MpUer (9), Quastel (69) and their associates Deuel and co-workers (27) have 
found that the administration of fatty acids with nhmns of four to ten carbon 
atoms resulted m the excretion of ketone bodies equal to or considerably more 
than the amount excreted m the urme after feedmg equimolecular amounts o 
acetoacetic acid Bhxenkrone-Mpller, measurmg the ketone production an 
oxygen consumption of perfused diabetic hvers, came to the conclusion that the 
low ratio of oxygen consumed to ketones produced could not be accounted for 
by the theory of /3-oxidation Stadie, Zapp, and Lukens (123) have extende 
Bhxenkrone-Mpller’s experiments By measurement of oxygen consumption, 
cgrbon dioxide and urea production of hver shces, they have been able to es 
timate the amount of oxygen that the tissue used m the production of the ketoM 
bodies found About 111 moles of ketone bodies were produced for every mo e 
of oxygen disappearmg The theoiy of multiple alternate oxidation requires 
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a ratio of oxygen consumed to ketones produced of 1^, the theory of p-oxida- 
tion, 6^^ 

In spite of these excellent quantitative experiments, it has been generally 
lecognued that /3-oxidation does take place in the organism Schoenheimer 
and Hittenberg (118) found that deuteno palmibo acid ws deposited in the 
depots of animnls fed deuteno steanc add. Likewise, animals receivmg deuteno 
pdmitio add were capable of synthesising deuteno steanc aad (130) Such 
expenments provided subetantial evidence in support of the theory of successive 
/^oxidation of fatty adds 

From these diverse and conflicting data has evolved a theory of fat oxidation 
which represents a compromise between the two theories referred to above 
Accordmg to MaoKay and co-workers (86), fatty acids undergo successive ^-oxi- 
dation fonnmg two-carbon compounds which immediately condense to produce 
a four-carbon ketone body This hypothesis then embodies the mechanism of 
oxidation of fatty adds suggested by Ehoop, but is more complete than the older 
theoiy smce it accounts for the accumulation of ketone bodies dunng fat metab- 
onam Moreover, this theory explains certain findings which cannot be rcoon 
cDed with the theory of multiple alternate oxidation — namely, the formation 
of more ketone bodies from heianoio than from butyrio acid (41) and the forma- 
tion of ketone bodies from valenc add, three carbon atoms of which are known 
to form glycogen (79, 87) 

The recant study of the oxidation of carboxyl labelled fatty acids to aceto- 
aoetate by rat liver shces has rendered considerable support to MacKay’s theory 
of ^-oildation-condeiisation Wemhouse, Modes and Floyd (143) have found 
that acetoacetate formed from the oxidation of carboxyl labelled octanoio acid 
contained isotopic carbon distributed equally m the carboxyl and carbonyl car 
bona The theoiy of /5-oxidation-condensatlon predicts such an equal distn 
hution of isotope Acetoacetate produced from carboxyl tagged octanoio acid 
by a process of multiple alternate oxidation should theoretically contain isotope 
only in the carboxyl position The clasacal successive ^-oxidation theoiy of 
Knoop would predict the formation of non isotopic acetoacetate from carboxyl 
labelled octanoio aad 

XJsiiig isotopic carboxyl butyrate as substrate in a similar expeninent, Medes, 
Wemhouse and Floyd (01) foimd that the acetoacetate produced, likewise con 
tamed heavy carbon m the carbonyl and carboxyl pomtions. In this case, how 
ever, the carbox^ carbon atom contained a si gnifican tly higher concentration 
of isotope than the carbonyl carbon This unequal distribution of isotope in tbe 
case of butyno acid cannot be mterpreted m terms of the theory of mulbple 
alternate oxidation By defimtion, multiple alternate oxidation mvolves the 
Bunultaneous oxidation of alternate carbon atoms with cleavage of a carbon to- 
rarbon bond at each fourth carbon atom The mcomplete distribution of isotope 
in this case does demonstrate, however, that the formation of the 6-keto add 
■nay precede the carbon-to-carbon cleavage 

Although the resulta of these authors (143) demonstrate that two-carbon frag 
ments are formed and condense in the process of octanoio acid oxidation, there 
IS still doubt concerning the exact mechanism of this oxidation It is possible. 
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for mstaoice, that acetoacetate is formed from octanoic acid by multiple alternate 
oxidation and that the distnbution of the isotopic carbon between the carbon^ 
and carboxyl carbons results from a cleavmg and resjmthesis of acetoacetate 
itself 

The problem of the synthesis of ketone bodies from acetic acid has been studied 
with carbon isotopes both tn vivo and tn vitro In confirmation of the expen- 
ments of MacKay and his co-workers (86), Swenseid, Barnes, Hemmgway and 
Nier (131) have shown that ketone bodies formed by rats after the administration 
of isotopic acetate contamed C‘* (fig 1) 

Medes, Wemhouse and Floyd have studied the formation of acetoacetic aad 
from carboxyl labelled acetic acid by a vanety of tissues in intro In hver sbces 

(92) , acetic acid is metabolized with an accumulation of acetoacetic acid The 
latter compound, when denved from isotopic acetic acid, contamed C*’ in both 
carboxyl and carbonyl positions A shght excess was found m the carboxyl 
position mdicatmg that the /3 and y carbon atoms of acetoacetate may have been 
denved m part from an endogenous source Kidney and heart shces oxidized 
acetate without the accumulation of ketone bodies If non-isotopic acetoacetate 
was added to kidney shces, however, dunng the oxidation of isotopic acetate, 
isotopic acetoacetate could be isolated (144) This was not true of heart tissue 

(93) Medes, Wemhouse and Floyd have mterpreted their data as mdicatmg 
that two pathways for acetate utdization exist m animal tissues 

From the information so far available, it would appear that, as proposed by 
MacKay, fatty acids are metabolized by /S-oxidation mto a two-carbon mter- 
mediate which may condense to form acetoacetate Those two-carbon units 
which do not condense m this manner may undergo a vanety of reactions They 
may be oxidized to COj, used m the synthesis of cholesterol or fatty acids, or 
act as acetylatmg agents Other isotopic evidence to follow is concerned with 
the r61e of a two-carbon compound in these reactions and emphasizes the im- 
portance of this compound m metabolism 

b Sources and reactions of acetate As previously mentioned, the early expen- 
ment of Schoenheimer and Bittenberg (118) demonstrated that a two-carbon 
umt IS spht from steanc acid fo rmin g palmitic acid In a reverse manner, palmi 
tic acid may 3neld steanc acid (130) The mcorporation of deutenum along ths 
entire fatty acid cham by animals 83mthesizmg fat from carbohydrate m the 
presence of deutenum is further evidence that this synthesis mvolves the con- 
densation of a number of short chained compounds (115) Recently, Rittenberg 
and Bloch (104) have shown that isotopic acetic acid may contnbute its carbon 
atoms to the sjmthesis of fatty acids Acetic acid labelled m the methyl group 
with deutenum and m the carboxyl group with heavy carbon was administere 
to rats and mice for a penod of eight days The fat isolated from their tissues 
contamed both deutenum and heavy carbon m excess of the DjO and C‘’0j con 
centrations of the flmds The finding that the C** concentration of the carboi^ 
carbon atoms of the saturated fatty acids was approximately twice that of t e 
C“ concentration m all the carbon atoms of the total molecule suggested that c 
fatty acids are synthesized by successive condensations of two-carbon units 

The conversion of acetic acid to cholesterol has been studied by Bloc w 
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Rittenborg (11) m considerable detail Cholesterol isolated after the feeding 
of douteno acetate contained deutenmn in both the nucleus and aide chain, thus 
indicating that the synthesis of cholesterol involves the condensation of small 
carbon units, either acetate itself or a derivative of acetate In a search for the 
identity of this cholesterol precursor, Bloch and Rittenberg have fed a variety 
of deuteno-marked compounds In no instance have any of the deuteno sub- 
stituted compounds a dminis tered under comparable conditions resulted m higher 
deuterium concentration in the isolated cholesterol than after feeding deuteno 
acetate itself Tbese substances are believed to participate m cholesterol forma- 
tion by virtue of the fact that they yield acetate dunng the course of then ca 
taholiam 

Although the synthesis of deuteno cholesterol has been used as a measure of 
the abflity of certain deutenum-containmg compounds to yield deuterio acetate, 
Bloch and Rittenberg (12, 10) have recently studied the acetylation of phenyl 
ammo butync acid in this respect Their work on tine subject was based on the 
ongmal finding of Bernhard (3) that deuteno acetyl derivatives were excreted 
when a foreign amine and deuteno acetic acid were administered to dogs In 
order to compare the conversion to acetyl of various substances contaimng 
different oencentratiana of deuterium and administered in different doses, Bloch 
and Rlttonberg have compared their results m terms of their coefficients of 
utilization. The acetylating agent itself should have the highest coefficient of 
utilization The a dminis tration of deutenuffl labelled acetate, ethyl alcohol, 
alanine, (3,i'-dideufeno bubuate, ethyl deuteno mynstate, deuteno dl leucine, 
deuteno isovalerata, i ,/3-dideuteno butyrate and deuteno n valerate yielded 
deutenum-containmg acetyl groups in the order named The acetyl group of 
1-acetyl phenyl ammo butync acid excreted after the feeding of deuteno pro- 
pionate, sucoinato, valine, isobutyrate, ethyl 10,11 dideuteno undecylate and 
ethyl 9,10 dideuteno stearate contamed no deutenum The accuracy of the 
value assigned to the coefficient of utihzation depends upon the amount of the 
administered material cataboUzed and the extent to which deutenum is removed 
from the carbon atom through oxidation and labihzation reactions Thus, deu 
tenum on the a carbon of acetoacetio acid is somewhat more labile than that of 
the u carbon Because of this labihzation of deutenum on the a carbon atom of 
a p Veto acid, veiy little deutenum is found m the acetyl group of the excreted 
ncetyl phenyl amino butync acid after administration of deuteno fatty amds. 
However, as expected, deuterium in the u position of ethjd deuteno mynstate 
appears m the acetyl group 

Since deutenum m the p carbon of alanme is readily converted mto the acetyl 
Pwip, it is assumed that two carbons of pyruvio acid are available for acetyl 
ation reactions The findmg that deuterium of o, ^-dideuteno propiomc add 
vas not mcorporated into the acetyl group of acetyl phenyl amino butync add 
indicates that pyruvic acid is not an mtennodiate m the oxidation of propiomc 
add, as has been long suppoaed Bloch and Rittenberg believe instead that 
oxidation at the p carbon atom is the first step m the catabolism of propionic 
add 
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The extent to which these deutenum-containing compounds were converted 
to cholesterol very closely paralleled their abihty to acetylate phenjd ammo 
butyric acid (12) 

Evidence obtained by the isotopic method has thus given support to the belief 
that fatty aads are metabohzed with the formation of a two-carbon mtermediate 
Other experiments reported by Mufioz and Leloir (96, 80) and by Lehnmger (78) 
mdicate that phosphorylation reactions also play a r61e m fatty acid oxidation 
The components of the enz 3 Tne system oxidizmg fatty acids m hver extracts 
have been descnbed by the former mvestigators The addition of cytochrome c, 
fiimanc acid, morgamc phosphate and adenyhc acid to the extract is essential 
for the optimal oxidation of the fatty acids to ketone bodies 

Lehnmger (78) has studied the factors mvolved m the oxidation of octanoio 
acid by rat hver homogenates and has confirmed the results of Mufioz and Leloir 
Under the conditions of these experiments, adenosme tnphosphate and adenosme 
diphosphate could be substituted for fumanc acid, the oxidation of which is pre- 
sumably responsible for the phosphorylation of adenyhc acid From these 
experiments, Lehnmger has suggested the mtermediate formation of acyl phos- 
phates m octanoic acid oxidation Preliminary experiments mdicate that syn- 
thetic acyl phosphates havmg from 8 to 16 carbon atoms do not require adenosme 
tnphosphate for oxidation After hydrolydic destruction by acid, these synthetic 
preparations do require adenosme tnphosphate activation These results 
coupled with the isotopic experiments of Wemhouse et al mdicate that phos 
phorylation and the formation of a two-carbon mtermediate are important 
stages m the oxidation of fatty acids 

c Complete oondation of fatty acids and ketone bodies The reactions concerned 
with the complete oxidation of fatty acids and ketone bodies to carbon dioxide 
and water have for man y years remamed obscure The possibihty of the con 
version of fatty acids and their denvatives mto carbohydrate durmg their me- 
tabolism has undergone cntical experimental examination both in intro and tn 
VIVO Weil-Malherbe (142), for example, has reported that there is an mcrease 
of the carbohydrate content of rat hver shces metabohzmg acetoacetate Stadie, 
Zapp and Lukens (124), however, accounted for this newly formed carbohydrate 
on the basis of the disappearance of carbohydrate precursors preformed m the 
tissue At present, there are no decisive experiments tn vwo demonstratmg the 
converaon of the naturally occurrmg fatty acids to carbohydrate Even sucn 
a readily metabolized fatty acid as butyric acid does not give rise to hver glycogen 
m the normal rat (43, 40,39,42) nor to “extra carbohydrate” m the phlorhi^- 
ized animal (103) Although the apphcation of classical analytical meth^ 
has given little or no support to the theory of conversion of fatty acids to 
hydrates, it has not been possible to deny that fatty acids may be metaboh^ 
by way of reactions common to carbohydrate oxidation even though “new car 
hydrate” is not formed 

The report by Lynen (85) and Virtanen and Sundman (140) that aceta 
metabohzed by way of the tncarboxyhc acid cycle m yeast has been an impe 
for further mvesbgation of the metabolism of this compoimd m mamma 
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tissues. Breusch (20, 21) &nd Wieland and Rosenthal (146) have independently 
reptttied the existence of an ensyme system m mammalian tissues which cata- 
lyies the condensation of oxalacetatc and acetoacetate or acetate forming citrate 
Using kidney breis, Wieland and Rosenthal found that when acetate, aceto- 
acetate, or omlacetate was incubated separately, small amounts of citrate were 
formed The yield was considerably moreased, however, by mcubatmg oxal 
acetate with either of the other two substances Uamg muscle extracts, Breusch 
has obtained essentially the same results Moreover, Breusch has reported 
that hi8 muscle extracts are not specific for the oxidation of acetoacetate alone, 
button oxidire fceto denvatives of long chamed fatty acids 
Krebs and Eggleston (76), however, have recently criticised the work of these 
investigators Using minced sheep heart, they confirmed the stimulatory effect 
of dicarboxyhc aads on the disappearance of acetoacetate, and the formation of 
dtnc add This effect was greater under anaerobic than under aerobic con- 
ditions A quantitative determination of the products of reaction of an ana- 
erobic experiment showed that the extra acetoacetate removed by mteraction 
with oxalacetatc could be accounted for as bydroxybutyno acid Krebs and 
Eg^eston have explained their results on the bams of the following equations 


3 oxalacetic oad mahc ead 4- tncarboxyho acad + 2 COt 

malic acid + acetoacetic acid — ► oxalacetic acid + p hydroxybutyno acid 



Ateordmg to these authors, acetoacetic acid acts as a hydrogen acceptor con 
verting mahc aad mto oxalacetic aad and hence makes more of this latter com 
pound available for tncarboxyho oad synthesis Under the conditions of their 
experiments, oxalacetate did not stimulate acetoacetate disappearance aero- 
bically 

The problem of the oxidative converrion of acetate and acetoacetate into the 
acids of the tncarboxyho acid cycle has also recently been studied uamg C^> 
(28) Citrate, a ketoglutarate, succinate, fumarate, malate, or oxalacetate, 
when added m proper concentrations to homogenates of guinea pig kidney cortex, 
stimulates aerobically the disappearance of acetoacetate Fumonc and a keto- 
^utanc acids were isolated after adding isotopic acetoacetate together with an 
®wess of some dicarboxyhc acid of the tncarboxjhc acid cycle A similar study 
was made of the metabolism of acetate tn tniro (26) All of the isolated aads 
contained an excess of m an order of magmtudo which would be expected 
if the acids of the tncarboxyho acid cycle are a major pathway of acetate and 
acetoacetate oxidation Tliese results are in disagreement with the mterpre- 
tations that Krebs and Eg^eston mode of tbeir experiments 

The fumanc aad isolated after the metabolism of isotopic acetoacetate con- 
tained isotopic carbon only in the carboxyl positions The a-keto^utaratc con 
tained an excess of C** m both carboxyl groups, but the m the carboxyl group 
y to the keto group was considerably greater than m the other carboxj 1 position 
If atnc aad were an mtcrmediate in acetoacetate oxidation, as postulated bj 
Breusch and by Wieland and Rosenthal, the two carboxyl carbon atoms of 
fl-ketof^utaratc should ha\'e contained equal concentrations of C** 
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The oxidation of acetoacetate may occur by a mechanism sunilar to that 
suggested by Wood et al (154) for p 3 rruvate In this senes of reactions (fig 1), 
cisacomtic acid is the condensation product of oxalacetic acid and a two-carbon 
compound, either acetic acid or a denvative of acetic acid 
The findmg that acetic and acetoacetic acids may be metabolized by way of a 
tncarboxyhc acid cycle leads to modification of the present theory of the oxida 
tion of pjTuvic acid It has been previously proposed that oxalocitraconic aad 
IS the product of condensation of pyruvic and oxalacetic acids and that this 
condensation product compoimd is further oxidized to cisacomtic aad (71) An 
alternative mterpretation is that pyruvate is first oxidatively decarboxylated 
to a two-carbon mtermediate before bemg condensed with oxalacetate to form 
cisacomtate By such a senes of reactions, pyruvate, acetoacetate and fatty 
aads would have a common mtermediate of metabohsm (fig 1) There is objec 
tion to regardmg acetate as an mtermediate of pyruvate oxidation since the 
oxidative metabohsm of pyruvate is considerably greater than acetate in several 
tissues (71) It has often been suggested that a more metabohcally active form 
of acetate is the product of pyruvate oxidation rather than acetate itself (82, 
67, 90) Of these possible active two-carbon mtermediates, acetyl phosphate 
has received greatest attention (82) Knowledge, however, of the reactions of 
acetyl phosphate m mammalian tissues is so limi ted that it is impossible to assign 
it a r61e m oxidative reactions of mammahan tissues at this time 


The mechanism of oxidation of short cham fatty acids has been studied tn vivo 
with isotopic carbon (25) Acetic, propiomc or butyric acid, each labelled mth 
C“ m the carboxyl position, was administered to fasted rats together with glucose 
to insure an adequate formation of glycogen durmg a two hour expemnental 
penod Tlie experiments were conducted on the hypothesis that if any of these 
fatty acids were oxidized via pathways which mvolved any of the carbohydrate 
mtermediates or any compounds with which the carbohydrates were m dynamic 
equihbnum, the isotopic carbon of the fatty acid fed should be found m newly 
formed glycogen carbon The amount of radioactivity present m the glycogen 
carbon should be directly proportional to the fraction of the total isotopic ma- 
terial oxidized via the carbohydrate pathway and also directly proportional to the 


rate -5 ”^^ o^ooyn deposited ^ ,te,ttep„p„rt.onoftb. 

Size of effective carbohydrate pool 

carbohydrate pool converted to glycogen, the greater the radioactivity in the 


glycogen 

Hie glycogen isolated after feedmg each of the three fatty acids with glucose 
contamed radioactive carbon Before drawmg conclusions regardmg the 
of the glycogen carbon, it was necessary to estimate m each case the amount ol 
radioactivity which resulted from thfe mcorporation of the C“Oj produced during 
the metabolism of the aads ' AH of the radioactivity of the glycogen 
after acetate feedmg could be accounted for by the mcorporation of C^i denveo 
from the metabolism of the labelled acetate The glycogen isolated after feeding 
isotopic butyrate or propionate contamed an amount of isotopic carbon Qg 
nificantly m excess of that onginatmg from isotopic COj These results m 
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cated that two or moio carbon atoms of the butjno and propiomo acid molecules 
cantributed m part to the glycogen carbon, but the results of the experiments 
with acetate gave no mdication of two-carbon umt mcorporation m glycogen 
Rittenberg and Bloch (104) have repeated these experiments under somewhat 
different conditions They Included acetate labelled with C‘* m the carboxyl 
podbon m the diet of white rats for a week. The hvor glycogen isolatod at tte 
end of the expenmont contamed a small excess of C?* which could not be entuely 
accounted for by carbon dioxide assimilation 
Tbe question of the conversion of acetic acid into glycogen has also been 
rtudfed by lafson, Lorbor and Wood (81) Ibey have isolated hver glycogen 
from rats two hours after receiving glucose and carboxyl isotopic acetate, and 
degraded It by chermcal and bacteriological methods for the purpose of identi- 
fying the position of the isotope m the glucose unit of the glycogen C" was 
found exclusively m tbe third and fourth carbon atoms of the glucose umt 
These positions likewise contamed isotope when glycogen was formed from 
glucose m the presence of isotopic bicarbonate (147) The similarity of the 
location of O'’ in the glucose molecule after the administration of carboxyl iso- 
topic acetate and isotopic bicarbonate would have been expected m view of the 
fact that during the metabolism of both of these compounds, carboxyl isotopic 
orgamc acids of tbe tricarboxyho sad cycle may be formed (fig 2) lifson 
and his co-workers are ropeatmg these exponmonts with acetic acid labelled on 
both carbon atoms (81) The findmg of C’ m the glucose molecule other than 
the third and fourth positions would defiuutely establish whether or not acetate 
carbon enters directly as a two-carbon umt mto the glycogen molecule The 
experiments of lifson et al with carboxyl isotopic acetate have indicated that 
the reaction 

CHjCKXlH -f CO, -i- 2H CH,C?>OCOOH -f H,0 (18) 

does not take place to a sigmficant extent in the rat Glucose units derived 
from pyruvate formed accordmg to this reaction would have contamed C” 
in the first or second and fifth or sixth carbon atoms (fig 3) 
fhrtber evidence m vivo for tbe conversion of acetic acid into components 
of the tricarboxyho acid cycle has been supplied by experiments of Rittenberg 
and Bloch (105) After feodmg carboxyl isotopic acetic nad to rats, aspartic 
end glutamio amds contammg isotope m both carboxyl positions have been 
isolated 

It is not necessary to postulate the over all conversion of fatty acids to carbo- 
hydrate to explain the appearance of isotopic carbon m glycogen isolated from 
rats fed isotopic fatty acids and non-isotopio glucose If butyric acid, for exam 
pie, is oxidiied by tbe senes of reactions proposed for acetoacetic acid, oxalacctic 
aad containing isotopic carboxyl carbon would bo formed according to the 
following reaction 

CH, CH, CH C“OOH -f 20 -* CH, C'OOH + CH, COOH (10) 
CB, C'OOH + HOOC CH, CO COOH — 2 CO, 

reaetiooB 

I nrr nr\ nUrxntJ /OAN 
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The oxidation of acetoacetate may occur by a mechanism similar to that 
suggested by Wood et al (164) for pyruvate In this senes of reactions (fig 1), 
cisacomtic acid is the condensation product of oxalacetic acid and a two-carbon 
compound, either acetic acid or a denvative of acetic acid 
The findmg that acetic and acetoacetic acids may be metabohzed by way of a 
tncarboxyhc acid cycle leads to modification of the present theory of the oada 
tion of pyruvic acid It has been previously proposed that oxalocitracomc aad 
IS the product of condensation of pyruvic and oxalacetic acids and that this 
condensation product compound is further oxidized to cisacomtic acid (71) An 
alternative mterpretation is that pyruvate is first oxidatively decarboxylated 
to a two-carbon mtermediate before bemg condensed with oxalacetate to form 
cisacomtate By such a senes of reactions, pyruvate, acetoacetate and fatty 
acids would have a common mtermediate of metabohsm (fig 1) There is objec 
taon to regardmg acetate as an mtermediate of pyruvate oxidation smce the 
oxidative metabolism of pyruvate is considerably greater than acetate m several 
tissues (71) It has often been suggested that a more metabohcally active form 
of acetate is the product of pyruvate oxidation rather than acetate itself (82, 
67, 90) Of these possible active two-carbon mtermediates, acetyl phosphate 
has received greatest attention (82) Knowledge, however, of the reactions of 
acetyl phosphate in mammalian tissues is so limited that it is impossible to assign 
it a r61e m oxidative reactions of mammahan tissues at this time 


The mechanism of oxidation of short cham fatty acids has been studied tn two 
with isotopic carbon (25) Acetic, propiomc or butync acid, each labelled mth 
C“ m the carboxyl position, was administered to fasted rats together with glucose 
to insure an adequate formation of glycogen dunng a two hour expemnental 
penod The experiments were conducted on the hypothesis that if any of these 
fatty acids were oxidized via pathways which mvolved any of the carbohydrate 
mtermediates or any compounds with which the carbohydrates were m dynamic 
equihbnum, the isotopic carbon of the fatty acid fed should be found in newly 
formed glycogen carbon The amoimt of radioactivity present m the glycogen 
carbon should be directly proportional to the fraction of the total isotopic ma- 
tenal oxidized via the carbohydrate pathway and also directly proportional to the 
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Size of effective carbohydrate pool 

carbohydrate pool converted to glycogen, the greater the radioactivity m the 


glycogen 

The glycogen isolated after feedmg each of the three fatty acids with glucose 
contamed radioactive carbon Before drawmg conclusions regardmg the origin 
of the glycogen carbon, it was necessary to estimate m each case the amount o 
radioactivity which resulted from the mcorporation of the C“Oa produced duMg 
the metabohsm of the acids ' All of the radioactivity of the glycogen 
after acetate feedmg could be accounted for by the mcorporation of C“Oi den 
from the metabolism of the labelled acetate The glycogen isolated after fee 
isotopic butyrate or propionate contamed an amount of isotopic carbon 
nificantly m excess of that ongmatmg from isotopic COs These results m 
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studied ivith isotopes of sulfur and carbon. Tarver and Schmidt (133) usmg 
radioactiTe S” methionine demonstrated that the sulfur of methionine is con 
verted mto cystine sulfur The metaboho ongm of the carbon moiety of oystme, 
however, has been m doubt In order to ascertam whether methionine con 
tributes its carbon cham to the synthesis of cystme, du Vigneaud and co-worlceTs 
have synthesiied (66) and administered (136) methionine labelled with S” and 
with C” in the /5 and y podtionB Cystine isolated from the hair of these rats 
contained large amoimts of S“ but no C“, thus demonstratmg that the carbon 
of oystme is not derived from methionine These lesutta are m accord with 
previous data obtained by du Vigneaud and co-workerB and by Stetten Binkley 
and du Vigneaud (8) have reported that hvor shoes synthesise cystame m the 
presence of both homocysteine and serine Methionine could not be substituted 
for homocysteine in this isolated system, however They have postulated that 
cysteine is formed by the sphttmg of cystathionme (138, 7, 6), a thio ether, re 
Bultmg from the mteraction of serine and homocysteine Stetten (126), mde- 
pendently, found that rata fed serme containmg N’* form oystme with relatively 
high concentrations of N*‘ Smce the N*‘ of the oystme was greater than that 
of glntarmo acid, it could not be attributed to transamination reactions, but 
rather to the direct utilization of serine m oystme synthesis 

The relatively few experiments so far earned out with ammo acids labelled 
with isotopic carbon illustrate the type of valuable information which can be 
obtained and are doubtless but foreninners of more extensive studies along similar 
lines. 

SUMUABT 

From the above review one may summarize certam outstandmg additions to 
knowledge which have modified the pomts of new from which one must approach 
problems of metabolism 

a CO> may no longer be considered as simply an end product of metabolism 
but must be thought of as an essential compound in certam metabolic reactions 
in higher as well as lower forma of life 

i> Instead of considering compounds, such as lactic acid, os specific precursors 
of more complex compounds, such as glycogen, they must bo considered as con 
tributors to the metabolic pool from which the complex compounds are formed 

c. More intimate information is now available of the reactions relatmg carbo- 
hydrate, fat and protom precursors and their contribution to the metabolic pool 
of each 

This is but the boginnmg It is fully to be expected that when these tools 
which permit the tracmg of atoms m the body have widespread use, it will bo 
found that many of the earlier conclusioiis regardmg the fate of substances iviU 
require drastic revision, and that many problems which hitherto had no means 
of approach will become vulnerable to attack. 

The authors are indebted to many colleagues who have made helpful sugges- 
tions durmg the preparation of this review, and particularly to Prof D 
bright Wilson, who was good enough to endure and improve several revisions 
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YAWNING AND ASSOCIATED PHENOMENA 


A PRICE HEUSNER* 

Department oj Psychiatry, Massachusetts General Hospital and the Department of Neurohji 
and Psychiatry, Harvard Medical School 


In the course of some studies (1) on the vasomotor activity m human fingeis 
I noted that defimte circulatory changes occur durmg spontaneous yawnmg Ad 
attempt to correlate these observations ivith evistmg data on yawiung revealed 
that the few pertment studies of this subject have not found their way mto 
Bntish or Amencan pubhcations Although yawnmg and its associated 
phenomena appear to be of nunor importance they are not without interest, aod 
it would seem w orth while to make readily available the httle that is known and 
the rather more that has been postulated on this subject Such is the purposed 
this paper 

Literature Standard sources It is weU to review the popular conceptions 
' yawnmg as set forth m the standard physiologic, psychologic and lay publics 
before turmng to the special hterature 

well-knmvn text-books of physiology eight (2, 3, 4, 5,6,7, 8, 9) conto 
on of yawiung One of them (10), m a section devoted to “modified 
ements,” defines it m the followmg terms 

' emotional reactions mamfest themselves not only by facial etpresaou, 
live changes in respiratory acts Yawning is associated 
« during which the mouth is stretched wide open, followed by a 
, 386) 

text-book of Schafer (11), m a discussion of “modified respiratory 
” does not go beyond statmg 

sists of a deep inspiration accompamed by a wide opemng of the mouth and 
often attended by movements of the arms (Vol ii,p 309) 

ponderous German hand-books on physiology treat the 
ory fashion Thus m Hermann’s Handbuch der Physwlogte (12), 
'headmg “special forms of respiratory movements,” yawiung is define 
dismissed m these terms 


[yawning is] a psychically or reflexly excited inspiration during which the vocal corda maj 
be set in motion (B IV, H 2, 8 234) 

In Nagel’s Handbuch der Phystologie des Menschen (13) the topic is 
concluded with the following remarks m a section devoted to “special o 
respiration” 

The yawn is a deep inspiration earned out with widely opened glottis and 
opened mouth, it is frequently accompamed by movements of the arms, etc 
by certain psychic influences, fatigue, etc (B I, S 27) 

I Present Address Department of Neurosurgery, Boston City Hospital, Bosto , 
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From the foregomg it is apparent that whfle none of these authors makes any 
conjecture ns to the physiologio significance of the act, they have ali focused their 
attention upon its respiratory component and have classified it os a respiratory 
phenomenon. It is hardly necessary to pomt out that the subject has not been 
developed beyond or even through the descriptive phase 

The psychologic hterature appears to be equally barren Yawning has been 
defined (14) as " reflex usually mduced by bodily fatigue," but critical 
studies m support of this conception are wanting In a recent review of the 
psychologic aspects of the subject Moore (16) pomts out that nothing about 
yawnmg has been established beyond the notation that it appears very early in 
extra uterine life 

Articles for lay consumption are more evphat and display less hesitancy in 
asagmng a significance or purpose to the yawn This is evident in the following 
excerpt from a recent Nea York Times Magazme (16) 

Boredom hunger overe&tlng droweinesa and bed ventiUlion have all been blamed for 
yavM, but the epeeific etlmulue that atarta the reflex le etiU obecure The power of oug 
geetlon hai a lot to do with It Yawns are catching as ei-eryone known and they can even 
be self Induced A yawn hae all the beneficial eflccts of a deep breath of fresh air Ills 

relaxinf and refreshing It tones up the muscles of the mouth the chest the back and even 
the arms Whether It has any other psychological or physical effects eclence doesn t say 

Ths above views are essentially the same ns those which Clarkson (17) submitteil 
to the laity m Bygeia They constitute a modem version of the Delsartean 
concept (18) which we will review m a later paragraph. 

It is of mterest to compare all of the foregoing descnptions with the dictionary 
defimbons of the word yawnmg and its alleged synonyms, pandiailatum, osetia 
tvm and rfiosma Standard lay (10, 20) and medical (21) dictionaries agree that 
the word yawning is derived from the Old English verb ganien which has always 
denoted an "opening” m the sense of “to gape ” The definihons of yawning 
given by the lay dicbonanes (19, 20) are in such complete harmony that only 
one need be quoted 


An involuntary act, excited by drowalness, etc and oonslatlng of a deep and long inspira- 
Uon usually following severnl eucceeslvo attempts at Inspiration the mouth, faueea, etc , 
typically being wide open (20) 


Some medical dictionanes (21) conform to this reatneted defimbon, but others 
have expanded the meamng to include the associated stretching of the limbe. 
Thus Holland (22) oflers the following defimbon of yawnmg 

Pandicnlalion a deep mvoluntaiy Inspiration with the open mouth, often accompanied 
by tte act of ilretehlnj 


Fresn this it also appears that Dorland regards pandiculation and yawnmg as 
synonyms 


Both lay (19, 20) and medical (21, 22) dictionaries agree that pandtetdabm 
fa denvod from the Latin verb pandiadm, meaning "to stretch oneself ” Of 
thess dicbonanes only Dorland, as already noted, offers this word as a synonym 
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for yamung The others are m agreement on a more narrow definition of which 
the following is characteristic 

A stretching and stiffening, esp of the trunk and extremities, as when fatigued and drowsy, 
or after wakmg from sleep (20) 

All of these dictionanes (19, 20, 21, 22) offer the words ckama (from the Latin 
noun chasma m. cleft or an abyss) and oactiaiton (from the Latm verb osciiare 
to open the mouth wide) as synonyms for the noun yawn 
From the above it is evident that the authonties, both lay and medical, have 
been aware of the complexity of the act under consideration and have been 
uncertain just how much of it to mclude under the designation “yawn ” On 
semasiological groxmds it would appear desirable to preserve a distmction between 
yawnmg and pandiculation, and to employ some such expression as “the yawn- 
stretch act” when the entire complex la mtended 
Special sources (Occurrence) Dependmg on the breadth of defimtion 
adopted, the occurrence of yawnmg throughout the animal kmgdom is more or 
less widespread Crfimer (23) pomts out that the famihar gapmg movements of 
fishes, amphibians and reptiles simulate the oral component of 3^wnmg m man, 
but most observers (24, 25, 26, 27) dechne to read true yawnmg mto this super- 
ficial resemblance Whether or not the gapmg of these lower forms is 
accompamed by the respiratory component of yawnmg and a generahzed stretch- 
mg IS not known, and it is best to follow Peiper (27) m reserving judgment on the 
occurrence of yawnmg m these classes 
The data on birds are httle more complete, although the gapmg chicken beatmg 
its wmgs on tip-toe is an everyday spectacle Here a generahzed stretchmg is 
seen m conjunction with gapmg, but the question of an associated respiratory 
effort has not been answered by cntical observation It is the impression of 
both Hemroth (26) and Crffmer (23) that true yawnmg is practiced by buds, 
but Hauptmann (26) opposes this view 
It IS generally agreed (23, 24, 26, 26, 27) that among terrestrial mammals 
true yawmng and stretchmg are to be observed m pnmates and carnivores 
The situation with regard to herbivora is not so clear, although most authors 
concede that these ammals practice stretchmg The failure of the herbivora 
to exhibit the gapmg component of the yawn-stretch act constitutes an objection 
standmg m the way of admittmg them mto the category of yawners, but Dumpert 
(24) has pomted out that smce herbivora are exclusively nose-breathers, even 
under conditions of stress, it is unnecessary for them to add the oral component 
to the yawn-stretch act m order to effect its inspiratory phase 

Before leavmg the subject of yawnmg m ammals it is important to mention 
the possible relationship of its gapmg component to the “automatic expressions ’ 
descnbed by Darvm (28) The gapmg movements of fishes, amphibians and 
reptiles may belong to this group of emotional expressions, and it appears certam 
hhat some of the anthropoids employ the mouth-act m question for emotional 
attitudmization Fmally, as we shaU see, there are those who regard the com- 
plete yawn-stretch complex as but another example of the automatic expressions 
hke laughmg and crymg 
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In the case of man little can be added to the previously noted lay observations 
on occurrence The idea that jiiivns are "catching” can be traced back to Mayer 

(29) who believes that m some individuals the threshold for this so-called peyohi- 
caliy released yawmng is exceptionally low, and that m such persons auto- 
suggestion may constitute an effective stimulus Crfimer (23) and Schnjver 

(30) hold that yawmng rnay normally bo a symptom of hunger They report 
that it Is BO regarded by some of the Continental laity, and Luciam (31) has been 
cited as supporting this view It should bo noted, however, that yawnmg was 
not among the symptomB of the fasting men observed by Carlson (32) 

It has been remarked (24, 33) that among infants and children, as among many 
animals, yawning is more regularly attended by stictohmg than is the case among 
adults Dumpert (24) looks upon the adult’s yawn, without pandiculation, ns a 
fractionation of a primitive yawn-stretch reaction, and he postulates that such a 
dissociation is the outcome of acquired voluntary inhibitions cultivated m 
accordance with the demands of “good company ” As we shall see in a 
subsequent paragraph, this concept enjoys some support from the fact that 
man's abihty to jrawn without stretching can be lost m certam disorders of the 
central nervous system There are other observations, however, which suggest 
that yawmng and stretching arc mdependent albeit frequently associated acts, 
rather than fundamentally conjomed responses In the first place, infante under 
1 year frequentlj yawn without stretching and it is hardlj permirable to regard 
this as a fractionation of some bamo physiologic pattern by v oluntary inhibitions 
Secondly, regardless of man’s age he displays a tendency to yawn (without 
stretchmg) just prior to surrendering to sleep, and to stretch (without yawmng) 
upon waking This too mtlmates that factors other than voluntary inhibitions 
are active m determining whether pandiculation and yawning occur together or 
separately 

Yawning under drcumstances other than thoee already mentioned is probably 
always morbid 

Special sources (Clinical) Addressmg clinicians in 1908 Geigel (34) la 
raented the fact that his teachers had never mentioned yawmng and complamed 
that nowhere could he discover observations elucidating its physiologio or patho- 
logio significance Similar condibons obtain today althou^ morbid yawning is 
raore common than our neglect of it would imply 

Geigel’s contribution to the subject was quite limited He emphasued the 
value of yawmng ns a favorable prognostic sign m certam acute illnesses and 
noted its occurrence m hysterics. Several observers (24, 27, 36, 38) have re- 
n^arked the frequency of yawning after sovere hemorrhage Peiper (27) seeks 
to explain this on the basis of his theory (pule tnfra) of lowered excitability of the 
^tral nervous system, whereas Nash (30) attributes it to anoxia and/or arterial 
nypotenaon There are no exjienmontal data supporting either explanation 

CrSmer (23) and Schnjver (30) have reported the frequenej of excessive yawn- 
mg in diseases of the gastro-mtestmal tract, especially that of duodenal ulcer, 
™orem crises of j-awning sometimes parallei exacerbabons of symptoms The 
noodation of deranged stools and itus with morbid yawnmg so impressed 
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Cramer that he postulated an auto-mtoxication by bacterial toxins ansing 
from within the bowel as the causative agent He reviews the rather meagre 
evidence supportmg this view 

Neurologists have met with abnormal yawning rather more frequently than 
others Oppenheim (37), Geigel (34) and Lewy (36) have encountered it in 
hysteria, and its occurrence as an aura m epilepsy has been lemarlred by Oppen- 
heun (37), Xewy (35), Wilson (38) and Penfield (39) In Wilson’s experience 
this aura has been associated with his so-called "pen-ventncular” or “visceral” 
epilepsy wherem the yawn is followed by voidmg of urme, giddmess, headache 
and sometimes vomitmg He suggests that such cases depend on disorder of 
visceral centers m the third ventncle regulatmg sleep and flmd mterchange, with 
subsequent spread to others on the floor of the fourth ventncle Penfield (p 
110) gives the chmcal details of such a case 
Among the mamfold sequelae of epidemic encephahtis is that of paroxysmal 
yawmng usually m conjunction with other, though varied, neurologic disturb- 
ances Mayer (29), Wilson (38) and Sicard and Paraf (40) descnbe cases from 
their personal expenence, but it has not been possible to ascnbe the symptom 
to proven lesions at particular foci m the neuro-axis In this connection it is of 
mterest to record certam impressions which Yakovlev (41) has formed with 
regard to derangements of yawmng and pandiculation m other disorders mvolvmg 
the basal gangha In his expenence Huntmgton’s Choreics exhibit a propensify 
for yawmng and more especially for stretchmg which stands m sharp contrast 
to the behaviour of Parkmsomcs who rarely yawn and never stretch Yakovlev 
emphasizes that these impressions have been denved from a study of relatively 
few cases and stand m need of confirmation by a test on more material 
Excessive yawmng is frequently seen m patients harbormg expandmg mtra- 
cramal lesions, notably cerebellar abscess or tumor (36, 36, 37, 38, 42) When 
attended by abnormal drowsmess the sign is without locahzmg value (37, 38), 
but its occurrence m an alert patient suggests to some (38) that a thorough search 
be made for third ventncular and hypothalamic signs Nash (36) hazards an 
explanation for the yawmng seen m the usual run of bram tumor cases He 
states 

The occurrence of yawning, which is essentially an atypical respiratory act, in cases of 
brain tumor can be explained by irritation of the brain resultmg in “afferent” impulses 
to the medullary respiratory center, which modify its rh 3 rthmic activity (p 92) 

Special sources (Investigative ) Mayer (29) alone has attempted a 
systematic mvestigation of the yawn-stretch act By means of the roentgen- 
screen, laryngeal mirror and palpation of muscles he has analyzed the sequence of 
events m man when the complete complex, unmodified by inhibition, is allowed 
to develop For convemence of descnption he divides the act mto a number of 
phases 

I Inspiratory Phase (duration 4 4 to 6 8 sec ) 

A Imtial Part 
B Acme (duration 2 5 sec ) 

II Expiratory Phase 
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Dunng the initial part of the inspiratory phase one obeerves a widening of the 
chest, a descent of the diaphragm and larynx, an elevation of the ah natt and 
soft palate, a downward and backward displacement of the tongue, an abduction 
of the vocal cords and an oponmg of the mouth This is occasionnUy attended 
hy a subjective cmckling m the ears which is thought (4?) to be due to a contrac- 
tion of the M tensor wit patahm with jerking of its tendon in the bursa between 
It and the pterygoid hamulus 

When the acme of the complex has been attained one notes that the chest 
diaphragm, larynx, tongue, palate and mouth have raamtnmcd or accentuated 
tbar respective movements of the initial phase There has, m addition, been a 
firm closure of the eyes and a rapid development of the stretch component The 
number and distribution of muscles reermted for the stretch are subject to vana 
tlon and may bo modified by v oluntaiy inhibition Neck and arm muscles are 
most frequently recruited, but those of the legs, trunk and abdomen maj partici 
pate The probahle influence of such widespread muscular activity ufion the 
venous return, and secondarily ujion cardiac flUmg, rate and output, has been 
recognlxed (24, 20), but no studies have been made to confirm this At the close 
of this phase sahra occasionally spurts from the submaxiUary and sublingual 
ducts, presumably due to a squeesing of these glands by the contracting oral 
musculature 

During the expiratory phase one notes n short sharp expiration \nth gradual 
relaxation of all previously activated muscles permitting the return of diaphragm, 
larynx, tongue, sic to them resting positions lacnmation and saallowing may 
occur at this stage The former is believed (44) to be due to an augmentation 
of secretion rather than to a simple comjiression of the lacrymal glands because 
the tightest possible voluntary blepharospasm cannot squeeie forth tears in an 
amount sufficient to overflow the conjunctival sac The swallowmg is presumed 
to depend upon the occurronco of the prevuously noted sahvation This final 
phase of the yawn is usually aceompamed bj some such subjective feehng os 
rehef, satisfaction or refreshment 

Pnor to Mayer’s (29) fluoroscopic observations, which show the dmphragm 
to descend and remain relntivelj fixed m this jXMition from the initiation until 
the expiratory phase of the yawn, Hauptmann (20) had amved at a different 
opinion as to the behaviour of this organ Usmg a kymographic method for 
tooordiiig thoracic and abdominal respiration Hauptmann was led to behove 
that the rhythmic action of this muscle was but httle, if at all, interrupted bj 
yawnmg His view must, of course, give way to that suggested by the more 
refined method of fluoroscopy It is important to note, howovar, that Mayer 
and Hauptmann agree that yawning effects no ultimate mcrease in aeration of 
the lungs, they argue that the apneic penod following the yawn (see fig 1 
and 2) more than compensates for any tempornrj mcrease m aeration afforded 
tiy a smgle deep breath 

The neural structures subserving the compheated jiiwii stretch net mn} con 
vemcntly be thought of ns compnsmg an integrative center plajed upon b} 
oiversc afferent elements and discharging over its several efferent channels Evi 
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dence at hand is insufficient, however, to establish the location or even the exist- 
ence of a "yaivn-center’' in man or anunals Ellenberger and Scheunert (45) 
mclude yawming among the functions of the medulla oblongata m dogs, but they 
do not submit the evidence supporting this locahzation In man a postulated 
center has been variously located in the corpm sinaium (23, 35) and “subcortical 
gangha” (24, 27, 29) on very unsatisfactoiy evidence There are, however, two 
sigmficant papers bearing on this question Gamper (46) has seen the complete 
yaivn-stretch act in m hat he describes as a rmd-bram preparation (Arhinencephaltc 
mil Encephalocele), and Catel and ICrauspe (47) have observed it in a case where 
only the medulla oblongata and more caudal portions of the nenmus system were 



Fig 1 Record of vasoconstnction m normal finger accompanying yawning 
Fig 2 Record of vasoconstriction in sympathectomized finger accompanying yawning 
Fig 3 Record of vasoconstnction in normal finger accompanying deep breath The 
tracings from above donnnard are (a) respiration by stethograph, (b) digital translu 
cency, (c) signal magnet and (d) time in one second intervals 

completely formed (Meroanenzephahe mtt Meroankrame) These observations 
suggest that if a yawn-center exists it is to be found m the medulla oblongata, 
possibly m the immediate vicuuty of the respiratory and vasomotor centers 
The so-called psychically released yawmng, or yavramg as an apparent conse- 
quence of suggestion, unphes that the act can be imtiated by influences emanatmg 
from the highest cerebral levels Inhibition of the act by influences arising at 
these levels is confirmed by the behaviour of hemiplegic patients who have lost 
the abihty to fractionate the yawm-stretch act Both Dumpiert (24) and Lewy 
(35) have noted yawning in such patients attended by stretching movements 
confined to the affected (le, “paralyzed”) extremities doubtless to the 
amazement of the patient if not the doctor Dumpert emphasizes that although 
this phenomenon is not to be seen in all heimplegics it is consistently present in 
given cases 
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Activation and possibly inhibitory modification of yawning by neural elements 
below the telencephalon is of course attested to by the observations of Gampor 
(46) and of Catel and Krauspe (47) on their cases of cerebral maKormatlon 
The mvoluntary nature of most yawns and tbeir occasional occurrence m coma 
tose patients (29) Ukemse argue for activation from so-called "subconscious 
levels,” but nothing further is known about the afferent influences exmtbg 
this act 

Information regarding the centrally located efferent pathways subserving the 
yawn-stretch act is limited to deductions suggested by the involuntary activation 
of paralytic hmbe during yawning This stretching of limbs deprived of cortico- 
spinal control appears to mdioate that the so-called "eictra pyramidal” pathways 
play a ngnifieant rAle m the uninhibited act 
Sptcial tmtrat (Theones ) Numerous hypotheses concernmg the mecha 
nism and significance of yawrungand stretching have appeared, and e\iatmg data 
do not suffice to show which of these are tenable They are not mutually ox 
elusive and it is poesiblo that each contains a gram of truth 
The first theory to find its way mto pnnt, that of the Delsarteans, appeared m 
Russell's monograph (18) of 1891 This little book, which remains the moet 
exhaustive account of yawrung m the English language, defies description and 
should be consulted in the ongmal by anyone mtercsted m v\ himsical phjsiology 
Suffice it hero to saj that yawrung is piresented as an “automatic impulse” caused 
by Tiad air m the lungs,” demgned by Nature ns a ‘gymnastic,” and intended 
both to "awaken the respiratory organa mto activity” and to effect a stimulation 
of the bram through mcreased activity of tho circulation ” Although this con 
cept enjoys no supportmg evudence it appears to be the fore nmner of present 
day lay behef (16, 17) and it is not without current favor among climcians 
Within the past decade Otto (33) and SeehgmOller (48) have reiterated the notion 
that yawning is a gymnastic the practice of which should be cultivated ns a 
means of toning up the body or relaxing mental tension 
Hauptmann (26) appears to liave been the first chmcian to attempt an inter 
pietation of tho yawn-stretch act Wntmg in 1920, he suggested that this 
complex is a means of combaUng the loss of muscle tone which, along with tedium, 
develops as a consequence of enforced inactivity of tho higher cerebral centers 
He emphasitod that thin augmentation of muscle tone and metabolism, rather 
than the deep inspiratory effort, is the mam purpose of the yawn-stretch act 
We have already noted his contention that any temporary improvement in aora 
tion due to this inspiratory effort is more than offset by the penod of apnea 
which followa tho expiratory phase By this process of reasoning but mthout 
mcourse to precise measurements, Hauptmann rejects tho notion that yawrung 
hespeaka an anoxia of cerobral tissue This conclusion has been widely accepted 
(24, 27, 29, 35) without confirmatory evidence 
Mayer (29) concluded that the yawn-stretch act is an automatic expression of 
eerebral fatigue m the sense that crying and laughmg aro expressions of sorrow 
happiness In this conclusion he has been joined by eovoral subsequent 
Writers (10, 27, 35) Mayer goes on tn suggest that tho act accomplishes im 
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portant but as yet undefined physiologic adjustments in the state of the circula- 
tion and in the metabohsm of the recruited muscles 

Of all hypotheses advanced that of Dumpert (24) is by far the most elaborate 
The sahent features of his concept are as follows 

1 Yawning (the mouth act attended by a deep inspiration) is but part of the larger 
yawn-stretch complex which occurs in many animals, in infants and in children 
This larger reaction la first regularly dissociated into its respiratory and stretching 
components in adult man, and even here the ability to fractionate the act can dis 
appear following certain lesions of the central nervous system 

2 The yawm-stretch act is believed to occur whenever the cerebral circulation is not 
favorably adjusted for maintenance of the waking and alert states 

3 The yawn-stretch complex or even yawning alone la thought to effect an augments 
tion of the venous return to the heart by means of 

a The "milking action" of the striated muscles upon the veins of the limhs, 
b The compressing action of the contracting abdominal muscles and the descend 
mg diaphragm upon the veins of the splanchnic bed, and, 
c The aspirating effect of the lowered intra-thoracic pressure upon blood entering 
the venae cavae dunng the inspiratory phase of the act 

4 This presumed increase in venous return is thought to effect an increase m the rates 
of cardiac filling and output (Bainbndge’s reflex), thereby providing a generalaed^ 
improvement in the supply of arterial blood to the tissues 

5 A differential distribution of the supposedly augmented arterial flow is presumed to 
occur for the especial benefit of the cerebral circulation This selective redistnbution 
18 believed traceable to the effects of centripetal impulses arising m the stretched 
muscles and serving to 

a Produce a wndespread systemic vasoconstnction by their action on the vasomotor 
center (a la Bayliss), and, 

b Effect a cerebral vasodilatation by their action on Weber’s center 

6 Thus the yaw n-stretch reaction and, less effectively, the yaw n alone are able to com 
bat cerebral circulatory states unfavorable to the maintenance of the waking and 
alert conditions 

Although much that Dumpert postulates is probable and my own observations 
(tnde tnfra) confirm the occurrence of the systemic vasoconstnction he predicted, 
his theory is ivithout support at its crucial points Thus it is unjustifiable to 
assume that the cerebral circulation is diinimshed dunng sleep, indeed, the only 
rehable information (49) we have on the state of the cerebral circulation prior 
to, dunng and after sleep fails to disclose any sigmficant vanations Further, 
there are no observations confirming an mcrease of the venous return during 
yaivnmg Fmally, Dumpert invokes the aid of a cerebro-dilatory center the 
existence of which is open to question 

Peiper (27) looks upon yaumng as a purely respiratory act which represents 
a transient disorder of the respiratory center He beheves that as a result o 
fatigue the excitability or sensitivity (erreffbarleit) of the higher respirat^ 
centers (50) is depressed whereupon a lower lymg ya^vn-center is released He 
thus explains the occurrence of an automatic expression of fatigue and does no 
postulate that xt accomphshes any physiologic adjustments His theory is 

attractive but rests upon purely hypothetical considerationfl n u s 

One further theory concenung the yaum has come to my attention 
been suggested that as the nuchal muscles are recruited m the stretch they squeeze 
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upon the thyroid ^and, express thyroxme into the blood stream and thereby 
accelernte the metaboham Ihe bteiaturo has been searched m vam for the 
ongin and subsequent reference to this idea 
New OBSEnvATiONB MeOtodt and material My observations on yairaing 
were made while studying the vasomotor activity m the digits of aduit humans 
Bome of whom were “normal” and other* of whom were victims of either Eay 
naud’s or (early) Buerger’s diseases The diseased group was studied both before 
and after therapeutic pre-gangllomo sympathectomy None was aware of my 
mterest m yawiung 

The subject, comfortably seated, placed one finger or too, without restraining 
device, on a simpio rest between a photo-electno cell and a constant hght source 
Current sot up in the cell by light paasing through the digit was led to a 2 stage 
amplifier, whence it emerged to activate a DuBms osoiUograph A muror 
mounted on the latter directed a beam of reflected light onto a movmg strip of 
bromide paper The electrical dremt employed was such that a downward 
deflection on the photographic record was produced by an mcrease m the amount 
of light (and decrease in the amount of blood) traversmg the digit 
A stethograph of the air transmission type was apphed to the cheat and its 
mdicator made to cast a second shadow on the sensitired paper A downward 
excursion of this mdicator was produced by an mspuatory movement 
Tracings of a tune marker and a signal magnet also appear on the photographic 
records 

Subjects wore routinely observed over periods of 30 to 60 minutes m a warm 
darkened room Under these conditions Bpontaneous yawnmg was frequent 
Obiervaitom In the digits of normal adults a vasoconstriction was regularly 
observed to follow a spontaneous yawn Figure 1 is a charactenstic record of the 
development and subsidence of this phenomenon m a finger From this tracing 
It can be seen that the vasoconstriction bogms to apjiear after a latency of about 
to 4,6 seconds as measured from the Inception of the inspiratory phase of the 
yawn The response is maximal within 9 to 10 seconds after the onset of the 
yawn and then gradually subsidca durmg the ensumg 46 seconds In a large 
number of such observations the latent penod was regularly found to be between 
3A and 6 seconds The magmtude of the response and the time required for its 
complete development and subsidence were subject to considerable variation 
even in the same mdfvidual In general these values were roughly proportional 
to the depth and duration of Inspiratory movoraent Maximal response was 
nearly always evident withm 7 to 12 seconds and subsidenoo was usually complete 
within 30 to 60 seconds 

It was also observed that yawning m normal adults is regularly attended by a 
•ranaient cardiac acceleration This epeedmg of the heart was found to develop 
and subside pari passu with the vasoconstnetor response The subject m figure 
1, whoee resting pulse is 80/min , shows an acceleration to 90/imn This degree 
^ cardiac acceleration is fairly representaUv’o of many similar observations but it 
■* ^i>lect to variation among ifforent individuals and even m the same in- 
dividual according to the depth of the yawn. 
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That the observed changes in the translucency of digits during a yawn are 
truly vasoconstnctor responses dependent upon the integnty of the autonomic 
innervation of the part is clearly shown by studies on sympathectomized ex- 
tremities Pnor to surgical mtervention the digits of such hmbs exhibited re- 
sponses equal to or even greater than those observed m normal parts Following 
sympathectomy they show a greatly diminished or no vasomotor response 
dependmg upon the completeness of the denervation Figure 2, a tracmg from 
the finger of a Rasmaud patient after sympathectomy, shows no appreciable 
vasoconstnction foUowmg a deep yawn It is mterestmg to note, however, 
that the cardiac acceleration is not abohshed This subject’s restmg pulse rate 
of 70/nun is raised to one of 80 to 85/mm dunng the inspiratory phase of the 
yawn 

Results m every way comparable to those depicted for fingers were obtamed 
from the toes of normal and sympathectomized subjects 
Discussion Although Dumpert (24) and Mayer (29) predicted that cncula- 
tory alterations would be found to accompany yawnmg, there has been, to my 
knowledge, no previous demonstration of such changes The phenomena under 
consideration are, however, closely related to or identical with the circulatory 
changes which Bolton et al (51) descnbe as followong a deep inspiration 
In a senes of experiments on man Bolton et al showed that following a deep 
voluntary inspiration a vasoconstnction occurs m the digital vessels Its reflex 
nature ivas conclusively estabhshed by experiments on denervated and sympa- 
thectomized hmbs, and some evidence was adduced in favor of the af- 
ferent stimulus ansmg from the expansion of the chest wall Figure 3 is a record- 
mg by our apparatus of the vasomotor reflex they descnbe 
In the discussion of their observations Bolton el al make no mention of their 
reflex bemg accompamed by a cardiac acceleration Careful scnitmy of their 
figures 2 and 3 suggests, however, that this did occur m their experiments The 
subject of my figure 3 exhibited a restmg piflse rate of 70/mm This rose to 
80/mm dunng the 10 seconds foUowmg the imtiation of the deep inspiration and 
IS typical of the behaviour of the pulse m many such observations 

BUMMABY 

The hterature on yawnmg and stretchmg has been reviewed The descnptive 
phase of the subject is essentially complete for man The experimental phase is 
barely begun with the demonstration that circulatory changes consistmg o 
transient cardiac acceleration and digital vasoconstnction attend spontaneoiK 
yawnmg m man Aspects of the problem remainmg completely unexplore 
mclude 

a The behaviour of the cerebral circulation, 
b Measurements of cardiac filhng and output, 
c The chemistry of the respiratory component, 

d The nature of the motor discharge m the stretch component, and, 
e The possibihty of endocnne (c g , thyroid) changes . 

Until such observations are completed, any formulation of the physiologicfl 
significance of this act will rest upon an msecure foundation 
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SYMPATHOMIMETIC AMINES THE RELATION OF STRUCTURE 
TO THEIR ACTION AND INACTIVATION 


KARL H BEYER 

From the Department of Pharmaeology The Sledieal Detearch Dintjon 
Sharp artd Dokme Inc OienohUn Pa 

We Are deftlmg with & rntige of oompouodi which elmul&U the effects of tympathetlo 
nerres not only with varying intensity but with varying precision In some oases the points 
cf chief intereit in the action of a compound are thoee m which it difTera from the action of 
adrenine A term at once wider and more deecrlptive than adrenlne like seems needed 
to indicate the typo of action common to these bases We propose to call it ‘sympathoml 
metk/ a term which Indicates the relation of action to innervation by the sympathetic 
intem, without involving any theoretical preconception as to the meamng of that relation 
or the precise tnechaidsm of the action Barger and Dale J Physiol 41tl9 1910 


Reviews of the literature on sympathomimetic amines have appeared from 
time to tone Of these the ones by Chen and Schmidt (2) and Hartong (2) are 
comprehensive integrations of the work In this field through 1931 Smee then 
there has appeared a number of briefer reviews (3), the most recent compre- 
hensive treatment of the subject being the Symposium on Sympathomimetic 
Agents presented before the Amencan Chemic^ Society m 1944 (4) 

Ihe purpose of this article is to review the formation of pressor ammes m the 
body, and them relation to the pathogenesis and experimental alleviation of 
hjrpertension , to consider their pharmacodynamic effects on cellular or tissue 
metabolism as determining the mode of action of these agents, to review the 
relation of structure to the Inactivation of sympathomimetic amines, and to pre- 
sent certam generaliaationfl concerning the relation of structure of these com 
pounds to their action and maoUvataon 
Epinepheine poemation The formation of epinephrine and other pressor 
ammes in the body can be portrayed rimply with pencil and paper although 
proof of the mode of synthesis of the hormone by mammaJian tissues is quite 
incomplete The equations used to illustrate the discussion of epmephrine 
Bjmthesis are given in the accompanying diagram 
In our present discussion of these syntheses it is convenient to begm with 
phenyialanme since it has been shown to be an essential ammo aad (6) De- 
carboxylation of this ammo acid has been demonstrated to occur m the course of 
bacterial proteolysis with the formation of the pressor agent p phenyiethylamme 
(G) This reaction occurs ra the digestive tract, the amine bemg absorbed and 
normally inactivated by the amine oxidase of the body (7) 

The oxidation of phenylalanine to tyrosme (step 1) was shown to occur in the 
presence of iron and hydrogen peroxide (8) Re<intly the biological conversion 
of phenyialanme to tyroemo has received strong substantiation by the isolation 
®f tyroemo contaimng doutenum from the bodies of rats whose diet has been 
supplemented with deuterophenyialamno (9) The decarboxylation of tyrosme 
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to yield the pressor agent tyramine occurs m the ladney (10) and pancreas (11) 
and IB catalyzed by a decarboxylase (10b, 12) Bacteria have been shown to 
possess a similar carboxylase and veiy likely the decarboxylation of tyrosine m 
the mtestme contributes considerably to that normally elnninated by the body 
(13) 

The oxidation of tyrosme to 3,4 dihydroxyphenylalanme, “dopa,” (step 2) 
can bo imtiated by eniymahc and nonensymatic oxidath e measures (14) The 
ascorbic-dehydroascorbic acid system is capable of oxidizmg tyramme to the 
corresponding 3,4 dihydno denvativo and stabilizing the reaction at that 
pomt (16) and presumably could do so for tyrosme An analogous pomt is the 
stabihiation of epinephnne by ascorbio acid m the adrenal gland (10) Also, 
Medes (17) reported the recovery of J-3,4 dihydroxyphenylalamne from unne 
when large amounts of tyrosme were administered to a patient diagnosed as 
havmg tyrosmosis 

Ihe method for the decarboxylation of “dopa” m the mammalian organism 
rests on firmer structure Holtz has demonstrated the presence of “dopa” 
decarboxylase m practically all animals capable of synthesizmg epmephrme (18), 
and has shown it to function selectively m the decarboxylation of the 1-ammo 
aad, 3,4 dihydroxyphenylalanme (step 3) He proposed the theory that 
"dopa” decarboxylase may be an accessory enzyme rmportant for the biological 
formation of epmephrme Hia later diagrams show the decarboxylation of 
"dopa” to 3,4 dlhydroxyphenylethylanune by the decarboxylase and another 
arrow pomting from that structure to one for epmephrme Accordmg to the 
scheme of things as developed to this pomt there must be mtroduced mto this 
agent, 3,4 dihydroxyphenylothylnmme, both an ahphntio hydroxyl group and 
a methyl group on the amin o mtrogen (steps 3b and 3c) Moreover, this feat 
must bo accomplished under such stable conditions ns not to wreck the very 
labilo catechol nucleus Heard and Raper have reported that by the action of 
tyrosinase on N methyl “dopa” «n vitro adrenaiono was formed However, 
perfusion of adrenalone through the adrenal gland did not result in its reduction 
to epmephrme (14b) Also, Vinet claimed that the adrenal medulla was ca- 
pable of brmgmg about the oxidation and mcthylabon of decarboxylated dlhy- 
droxyphenydalanme (19) An appreciation of the chemistry mvolved m such 
a tranaformation would make it seem logical to look about for other means 
whereby the end could be accomplished more subtly 

For example, it would be reasonable that startmg with benialdehy-de or p-hy 
droiybenzaldehyde, or phenylglyoxylio add ns proposed by Rosenmund and 
Dornsaft (20), and N methydglycine (sarcoame) the body could cause their 
condensation to form hydroxy N methylphenyinlanme or its p-phenobo ana 
loguo This general reaction requires only a low order of activation m vtlro 
and is in effect an aldol condensation, which has been mvoked to account for a 
number of biochemical reactions 

While this initial reaction and the subsequent ones (steps 1? and 2?) have no 
direct experimental substantiation, tho resultmg compound, N methyl pho- 
nylsenno, should behave similarly to phenylalanmo although possibly more 
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slowly With respect to enzymatic reactions m general, as outhned in the mitial 
consideration of epmephrme synthesis If this be so, the decarboxylation of 
Z-N-methyl-3,4-dibydroxyphenylsenne by Holtz;’ Z-dopa decarboxylase would 
give rise immediately to the naturally occurrmg form of epmephrme (step 3) 
Startmg with glycme instead of sarcosme one could explam similarly the for- 
mation of arterenol, which has been claimed to be the substance responsible for 
the mediation of adrenergic nerve impulses (21) Even if the latter course of 
reactions should take place leadmg to the synthesis of epmephrme it would not 
preclude the occurrence m the body of those imtially discussed up to and in- 
cludmg the formation of /3-(3,4-dihydrox3Tihenyl)ethylamme The fact that 
the subcutaneous mjection of 3 ,4-dihydroxyphenylsenne is reported not to cause 
an elevation of blood pressure m a dog (22) detracts no more from it as a precursor 
of epmephrme than the lack of pressor re;^onse when “dopa” is mjected mtoa 
normal anesthetizied animal (18a) 

The recogmtion that the formation of van6us pressor agents havmg the basic 
/?-phenylethylamme nucleus need not be direct steps m the formation of epi- 
nephrme, although such has been claimed to be the case (23), brmgs us to a 
consideration of these as causative agents m the pathogenesis of hypertension 

Hypertension That naturally occurrmg s 5 Tnpathoinimetic ammes may be 
etiologic agents m hjrpertension is more a revival of mterest than a new concept 
In 1910 Ewins and Laidlaw commented m an mtroductoiy statement that 
the formation of tyramme from tyrosme m the mtestme “has qmte recently 
been regarded as playmg a part m certam pathological states m which a high 
blood pressure is the most promment symptom” (24) That same year Bam 
reported that tyramme was excreted m the urme -of such patients but to a less 
extent than m patients havmg normal blood pressure (25), the implication 
bemg that it was retention of the amme that was responsible for the elevation of 
blood pressure The urohypertensme of Abelous and Bardier (26) was m part 
isoamylarame, and recently Lockett (27) has isolated pressor agents from noiroal 
urme Today the mterest m the subject is the same, the emphasis on ongm of 
these agents has changed 

Holtz (18) and Blaschko (28) both observed that “dopa” was decarboxylated 
to form an amme which possessed both h 3 T)erglycemic and pressor properties 
(18c) FoUowmg their imtial mvestigations but precedmg Holtz’ later work 
Bmg pomted out, as based on his own tn vwo experimentation, the hj^iothetical 
relation of “dopa” to essential hypertension (29) 

He demonstrated that when “dopa” was mjected mto a kidney depnvw 
of its blood supply or partmlly ischemic, but otherwise mtact m a cat, and allowed 
to mcubate for a smtable penod of tune, the re-estabhshment of circulation 
through that kidney resulted m an elevation of blood pressure This effect was 
interpreted as bemg due to the decarboxylation of “dopa” with the formation 
of the correspondmg pressor amme m the ischemic kidney Moreover, the 
anoxic condition of that organ precluded the deammation of the pressor 
as mterpreted by Bmg The explanation of these findmgs can be substantiated 
"further by the citation of Holtz’ report that he could demonstrate the forma on 
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of p-(3 ,4-dlhydroxypheiiyl)eUiyiaiiune from “dopa” by the fadaej or pancreas 
only when the organ was incubated with the ammo acid m an atmosphere of 
mtrogen. This was necessary m order to block the oxidation of the resulting 
ammo by amine ondaso (18a) 

This acute experiment and its likely mterpretation have led to the hypothesis 
that essential hypertension may be due to the decarboxylation of ammo acid 
precursors of pressor amines m a damaged and ischemic kidney m which con 
dibon that organ is not capable of brmgmg about their deamination For such 
a cueumstance to obtam it must be supposed that 1, the predominant site of 
inactivation of these ammes is the kidney, 2, that a rather severe state of renal 
ischemia is an integral part of the hypertension, and 3, that the prmcipal mode 
of inactivation of the phenoho pressor amines is by deamination Very likely 
none of these qualifications can bo substantiated, except m an acute experiment 
where the amount of pressor anune liberated to the body on ro-establiahmg 
aiculabon through the kidney is o\ erwholmingly greater than could be inacti 
vated pnmediately by the body 

The fact that the kidney is neither the only or even the major source of amme 
oxidase has been demonstrated by Bhagvat, Blaschko and Richter who foimd it 
to be widely distributed m the body (30) The fact that /3 phenyl n propyla- 
mine administered orally is inactivated by deamination and is not excreted ns 
such unless a hcpatotoxm, carbon tetrachloride, was previously administered, 
suggests the liver as a prmoipal organ for deamination of that agent (31) It is 
difficult to believe that even under pathological conditions the rate of formation 
and Ubemtion of such an agent by the kidney could exceed its rate of deamination 
by other organs Brown and Maegraith could demonstrate no reduction of 
amme oxidaso m the Uvere of hypertensive rats (32) Actually, there appears 
to bo no Btmne oxidase m the kidney of the mt (33) Certainly bi the rat, an 
animal widely used for expenmentnl hypertension, faulty deamination of pressor 
ammes cannot bo considered as contnbutmg to the hypertension produced by 
damage to the kidney 

It is doubtful whether a state of ischemia sufficient to abolish the functional 
capacity of an ensymatlc oxidative system exists eariy in patients havmg essential 
hypertension, except m the rare instance of a lesion obstmetmg markedly the 
principal blood supply to the organ The decrease m renal blood flow and 
devgUon of filtration fraction occurs oaibest m the disease and appears to 
precede a decrease m the functional capacity of tho renal tubules (34) This 
order of things would at least make less likely impaired oxidation of decar 
boiylated “dopa" the initiatin g factor for tho increased tonus of the vascular 
system 

The belief that phenolic pressor amines are inactivated in the body prmcipallj 
^ deamination is not established as a certamty (3£), although tn mtro they can 
bs shnwn to bo deamlnatcd rapidly by tho cnxymo Tho nature of this problem 
uiore proporly relates to the inactivation of sympathomimetic aminos, which 
bo discniBcd m another section of this imdow 

The dllemalion qf malignant hyperimsum has boon the purpose of a large amount 
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of research based on or interpreted m terms of the assumption that phenolic 
pressor ammes are alterably related to the genesis of this disease Shroeder 
injected tyrosinase (phenol oxidase) into hypertensive rats and demonstrated a 
reduction in then blood pressure (36) Later he was able to extend this finding 
to some degree (37) His interpretation of these results was essentially that the 
damaged kidney was not capable of oxidi 2 ang the phenolic nucleus of the com 
pounds and that the added tyrosmase replaced the naturally occumn g but now 
missmg phenol oxidase This ignored the feeling of others that it is doubtful 
whether a true phenol oxidase capable of oxidizmg tyramine or dihydroxyphenyl- 
ethylamine exists m mammahan tissues (38) Pmmnetal, Alles, et al came to 
the conclusion that the effect was nonspecific Their boiled preparation of 
tyrosmase was as effective m lowering the blood pressure of hypertensive patients 
as was their active matenal (39) Shroeder also reported that the administra- 
tion of crude aimne oxidase preparations reduced the blood pressure of both 
hypertensive and normal rats (40), but these results are open to a sunilar 
cnticism 

Attempts have been made to associate the angiotomn or hypertensm theory of 
essential hypertension with the phenohc pressor anune hypothesis but these have 
not been successful While Croxatto and Croxatto did not make this distmchon 
clear at first (41), they later showed that renal hypertensmase and anune oxidase 
were distmctly different enzymes as judged by enzyme characteristics (42) 
Bmg, Zucker and Perkins also found angiotomn and amme oxidase to be different 
enzymes (43) 

StiU more recent is the mterest m qmnones as antipressor agents (44) There 
IS no doubt that a large number of these agents, among them bemg 2'methyH )4- 
naphthoqumone which possesses vitanun K activity, reduce the mean blood 
pressure of acutely hypertensive rats without matenally affectmg the blood 
pressure of normal animal r The rationale back of this effect is stated in part 
by most of these reports but is discussed in papers by Oster and his associates 
(46) It can be shown that if a solution of an ammo acid or | 3 -phenyhsopropyl- 
amme is aerated with p-cresol and phenol oxidase or ascorbic acid, deamination 
of the compounds occurs (15, 46) Also, the first step m the oxidation of an 
ortho dihydnc phenylethylamme by catechol oxidase is the corresponding ortho 
cpunone (47) Such a qumone is very unstable, bemg further oxidized irrevers- 
ibly to melanin precursors or reduced to the correspondmg catechol denvative , 
Thus, if the ortho qumone and d-phenylethylamme were allowed to react, n ; 
qumone would be reduced and the jS-phenylethylamme finally deaminated, giving 
nse to the correspondmg aldehyde which could tie up another atom of ^ 
nylethylamme m a Shiff's base arrangement, as had already been suggested ( | \ 

So far as we know, any substance which will tend to stabilize the cate o 
qumone oxidation-reduction system, so as to prevent further oxidation, 
inhibit the action of a phenol oxidase on the catechol derivative and so preven 
the formation of the necessary qumone It has been reported that up to 1 
of ascorbic acid per day for four months a dminis tered to hypertensive 
not reduce their blood pressure (49) This is mterestmg for it has been 
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onatiated that not only does vi tamin C deammato ^phenyhsopropylaimne 
ui mbv but the amount of the amine admmiatered to dogs which was excreted in 
their unne was mversely related to lie amount of ascorbic acid that was injected 
mto the animals (46) Such expenments are not easily reconciled with the 
above theory 

Unfortunately the qmnones are meffective insofar as they have been tned on 
human cases of hypertension (60) and on renal hypertensive dogs (61) In a 
personal commvmioation from Doctois Goldnng, Chasis and Srmth they report 
that 2-methyI 1 ,4-nnphthoqumone and 1 ,4-oycIohexandiono m dosages up to 60 
mgm /kgm were meffective m the treatment of human essential hypertension 
(60) These compounds were reported by others as effective antrpressor agents 
m rats Doctor Goldblatt has failed to observe a hypotensive effect m dogs with 
experimental renal hypertension which were treated with qmnones, subimtted 
to him for the teat by some mvestigators who had observed a hypotensive effect 
m rats (61) Smee the qumones are not nearly so effective anti pressor agents 
m those animals which are known to have amme oxidase normally present m 
their Iddneys, it is difficult to relate their antipressor effect to the supplementation 
of restneted deammabon m hypertensive rata having permephno scarrmg but 
which never had the eniyme m tbeir kidneys. 

The mode or action op STMPATHOMiUEno amines Much more Is known 
about tbe maimer m which the body affects these compounds than about the man- 
ner in which they affect the body There are probably as many reasons for this 
as there are approaches to the problem, and both have been and still are infln 
saoed by the state of knowledge of physiology or biochemistry of cellular metab- 
oham To describe the aobon of epmephnne as being on or at the myoneural 
junction or on the neuro-effector mechanism carries a strong morphologic coimo- 
tation. However, a recent pubhcation by Marrasn correlating the structure of 
aympathomimotio amines with their action on sympathetic ganglm as measured 
hy alterations m postgimghomc potentials is an attractive approach to this phase 
of the problem (62) Use of the terms neurotrophic and musculotrophic, or 
distinguishing between sympathomimebc and pseudosympathomimetio ammes 
on the basis of the effect of these compounds as compheated by premedicabon 
of animals with agents (cooame, eigotoxm, etc ) whose modes of action are no 
better understood, serves a very limited purpose 

The efficacy with which epmephrme and its analogs acts is dependent on the 
functional mtegnty of the organs or systems directly and mdirectly involved 
(53) The accelerating effect of epmephnne on ^ycogenolysis which is accom 
psiued by an mereaso in cellular metabolism is a characteristic feature of its 
action This glycogenolytic effect is accompanied by hyper^ycemia and an 
increase m blood lactate (64) but the amine does not seem to influence directly 
th^tUliatlon of an elevated blood sugar level (66) 

This hyperglycemic charactenstio of epioephrmo transcends m sensitivity all 
Eunerally recognised sympathomimetic effects of the agent (60), and is not 
^proxunated by its most closely related pressor ammes The hypergiycemio 

ect of epmcphrlne is very defimtoly influenced by the adrenal cortical hormones 
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(53b, d) which synergize and by insulin which inhibits its effect (57) As th( 
injection of sympathomimetic ammes is mcreased from an infinitely smal 
amount, the hyperglycemic response to epmephrme precedes its pressor effect (66] 
whereas the pressor action precedes whatever hyperglycemic effect the othei 
s 3 Tnpathomimetic ammes make manifest (58) These facts tempt one to wondei 
whether the latter agents produce an elevation m blood glucose except as they 
mcrease blood flow through the adrenal gland or otherwise mdirectly influence 
the hberation of epmephrme 

The theory of Gaddum and Kwiatkowski (59) for the mode of action of 
ephednne introduced a umqpe concept which was extended by others (60) to 
cover the action of related compounds This hyrpothesis is based on the ob- 
servation of Blaschko, Richter and Schlossman that ephednne which is re- 
fractory to deammation by amme oxidase is able to mhibit the action of that 
enzyme on epmephrme by substrate competition (61) The formulation of the 
concept borrows precedent from the established competition between acetyl 
chohne and esenne for chohne esterase as the mode of action of esenne in the 
body (62) It was proposed, then, that ephednne acted by inhibiting the 
normal inactivation by amme oxidase of epmephrme elaborated at nerve endings 
Thus the effect of epmephrme was mcreased and prolonged Smce all sym 
pathomimetic ammes havmg a substituted isopropylamme side chain behave 
like ephedrme with respect to amme oxidase their pharmacological actions might 
be mterpreted similarly The hypothesis serves to explam the potentiation of 
ephednne to subsequent action of adrenergic nerves (59) and the increased 
pressor effect when epmephrme is mjected foUowmg ordinary pressor doses of 
any of these isopropylamme denvatives (63) The diminishin g pressor effect of 
successive ephednne doses, and the abihty of large doses of ephednne and re- 
lated compounds to dimmish the response to epmephrme, were suggested as 
bemg due to blockade of the motor receptors by ephedrme (64) Thus large 
doses of ephednne could inhibit the action of epmephrme while blockmg its 
deammation by amme oxidase 

The simphcity of this hyqiothesis at once makes it appealmg However 
the theory is probably no more secure than the suggestion that amine oxidase 
IS responsible for the mactivation of epmephrme m the body, which does not 
seem to be the case, and it does not account for the very great diversity o 
pharmacologic effects of these agents 

The theory that the central stimulatmg action of amphetamme is due to the 
competitive inhibition of tyramme oxidation by amme oxidase thus diminishing 
the formation of aldehydes which depress cerebral oxidations (65) is mconclusive 
Many similar ammes which do not possess this property of central stimulation 
likewise depress the in vitro oxygen uptake of bram tissue There appears to 0 
no consistent difference between the depression of bram respiration m vtifo 
the optical forms of amphetamme used as a substrate nor is substrate com 
petition matenally influenced thereby, although there is a great difference m 
central stimulatmg effect of the d and I forms of the compound (B) 

Neither of these theones is concerned with the mode of action of 
nor does either have as a major part of its thesis the possibihty that e 
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pounds per ae may be responsible predominantly for the effects they produce 
Certain recent developments permit the conaderotion of the "receptor mech 
anism” or "receptor substance” ns an mtegral part of the mechanism for 
contraction, secretion, etc , or as a component of the melaboho oyde reaponsibVe 
for such action 

For a number of reasons we have looked to an effect of the sympathomimetic 
anunes on the carbohydrate and on the associated phosphorylation cycles as 
likely sites of their cellular notion The physiologic response to epmephrme and 
the related compounds is a dynamic one affecting the principal function of a 
tissue, contraotiou m the case of musolo 

During the past few years a great deal of research has related myoam to 
sdenosinetnphosphataso (ATPase), and has associated the breakdown of ade- 
noeintnphoephate (ATP) with the alteration of blfnngence of myosm and with 
muscular aobvity (68) Another function of the dephosphorylation of ATP is 
to famish energy and phosphate for the phosphorylation of ^ucose (67), which 
process b necessary before the latter compound can undergo normal degredabve 
procedures 

Several points of attack suggest themselves for a study of the effect of sympa 
thormmetic ammes on this trigger mechanism. Some of them have been sub- 
lected to mvesbgabon. 1 Preliminary experiments m our laboratoiy did not 
diow the breakdown of ATP to ADP (adenosmdiphosphate) m the presence of 
ATPase to be affected materially in miro by these compounds This is not 
surprising, tor under ordinary experimental conditions it would bo difficult 
to note other than inhibitory effects 2 The rate or extent of phosphorylation of 
ADP rmght be effected Goner, Bergmann and Beyer found the phpsphoryl 
abon of thiamin to bo moreased by certam sympathomimetic amines (68) 
3 The breakdown of the pnnoipal phosphate donors for the synthesia of ATP, 
ue., 1 ,8 diphosphoglyceric acid and enol phoephopyruno add, might be in 
6uonced by these compounds 4 The oxidation of dicarboxyhc metabolites 
which servo as a substanhal source of energy for the phosphorylahon of com- 
pounds (09) rmght be Influenced by these ammes Omitting for the moment the 
rOle of oreatinme, a marked effect of the sympathomimetic agents at any one of 
these points might be thought to have a similar end effect on the ATP ATPase 
mechanism Other pomts of attack have been omitted at present because of 
lack of evidence beanng on them 

The phosphorylation of thlamm m the presence of the succinate system has 
•arved as a model for dotennimng the effect of sympathomimetic amines on the 
utflicatlon of energy from succinate oxidation for phosphorylation processes 
It has been demonstrated that epinephrine and cert^ other sympathomimetic 
amines are able to accelerate the oxidation of succinate and the utilization 
that energy for the pho^horylntion of thimnin (68b) The effect on sue 
amate oxidation could not be demonstrated when the substrate was bomg 
oxidized in a complete and uninhibited set up, but when a- tocopherol phosphate 
was added to retard succinnto oxidation the acceleration effect of these amines 
Was sttikmg Very likely the tocopherol phosphate served to reduce the rate 
c succinate oxidation from ita mnYimnm to that more resembling tho normal 
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state in vivo Still more recently these mvestigators have found that certain of 
these ammes accelerate the a-tocopherol phosphate-inhibited oxidation of lactate 
(70) Bearing on this pomt, Houchm and MattiU found that the addition of 
a-tocopherol phosphate made possible the reduction of the high succinoxidase 
activity of vitamm E deficient muscle to normal values (71) The prevalence of 
this state of partial inhibition is manifested m the tonus of muscle Much less 
energy would be required to alter m either direction this balanced system than 
need be expended otherwise 

From the above lead it would be feasible to extend such research to cover the 
effect of the ammes on the formation of ATP as influenced by the rate of succinate 
and other nletabohte breakdown and the efficiency with which the energy is 
used This last pomt is a most important one, for Potter has recently stressed 
the fact that a high rate of oxygen uptake from succmate oxidation is no guar- 
antee that phosphate-bond energy is thereby provided (72) Such evidence 
might assist materially to explam the mode of action of sympathomimetic ammes 
Such a concept would allow much more flexibihty than would be permissible if 
the principal actions of the ammes were mediated through a common agent, 
epmephrme 

The inactivation of sympathomimetic anhnes The mactivation of sym- 
pathomimetic ammes seems to be much better understood than is them mode of 
action Reviews bearmg on this subject are those of De Meio (73), Beyer and 
Momson (4e) and BLartung (74) 

Amine oxidase is probably the enzyme most widely imphcated m the mactiva- 
tion of these compounds It was first descnljed by Hare (75) and was partially 
purified by Kohn (76) The enzyme is widely distnbuted m mammahan tissue 
(30) from which it has not been isolated completely, is cyamde insensitive but 
can be inhibited by urea and phenylhydrazme in mtro (77) It is probably 
the same as tyramme oxidase and adrenahn oxidase (78) and may be the same as 
ahphatic amme oxidase (79) It has been proposed that the name monamine 
oxidase be used to distinguish it from diamme oxidase (80) Some of the dis- 
crepancies m the hterature relatmg structure to rate of deamination of these 
compounds undoubtedly stem from the manner of prepanng the enzyme for the 
in vitro experiments These differences are so great m many instances, notably 
m the case of )3-phenylethylaimne, as to warrant further mvestigation m an 
attempt to isolate and charactenze the enzyme or enzymes 

Amme oxidase bnngs about the deammation in vitro of a large number of e- 
nvatives of )3-phenylethylammes, mcludmg many havmg a mono or dihyd^ 
nucleus (78, 4e, 81) In the course of deamination the compound is converted 
mto the correspondmg aldehyde which may be oxidized further to the analogous 
phenylacetic acid unless this later step is blocked, as by cyamde The course o 
this reaction is illustrated by the followmg equation 
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Several alterations which may be made m the side cham render the molecule 
partially or totally refractory to deammation These molude (1) Positionmg 
the ammo group on any other than the terminal carbon atom (78 81a) (2) 

The substitution of a smgle methyl group on the ^-carbon atom m 0 phenyl 
ethylnmine does not abolish deamination, but moreasing the length of that alkyl 
substitution or adding a second methyl group to make it a /3;3-dunethyl alte- 
ration does render the compound rofraotory to deammation (4e) (3) Likeiviso, 

the substitution of a smgle methyl group on the mtrogen atom is without quah- 
tahve effect whereas Inereasmg the length of the substitution or the presence of 
two methyl groups on the mtrogen atom destroys or greatly retards the abihty 
to be deaminated by amme ozidase (78, 81b, 4o) If the position of a sm^o 
hydroxyl group on the nucleus of d phenylethylamme be shifted from the para 
to the ortho position, the rate of deammation is markedly reduced (81b) The 
substitution of any of a number of polar groups other than hydroxyl or ammo 
m the para position of the compound diminis hes or completely inhibits deanu- 
uahon (B) 

The presence of amine oxidase m the body, and particularly m the hver, de 
termlnes whether pharmacologically active derivatives of ^-phenylethylamme 
are effective and ore excreted as such when administered by mouth Those 
denvatrves whercm the ammo group is on the terminal carbon atom of the side 
cham are deaminatod m the body and are neither active nor excreted ns such 
unlcffl a hepatotonc agent has been administered previously (31) Those 
CMnpounds which have the ammo group removed from the terminal poation on 
the mdo cham ore not deaminated to any great extent and are active when taken 
orally For the most port, they ore excreted as such by man and the dog (7, 31) 
and to a lessor extent by rabbits (83) and rats (84) 

Withm rather narrow Imuts of structural vanability there seems to be some 
rdatlonship between pressor activity and rate of deammation, among those 
compounds which ore deaminated, and also a relation between duration of 
action and whether or not the compounds are deammated More probably 
these are two distmot circumstances which appear to parallel over a short range, 
than to bo causally associated If one transgreeses these very narrow himts 
such a relationship becomes difficult to predict or mterpret Some compounds 
related to j5-phenylethylamme are deaminated bj the enxyme and also ore 
active pressor agents, others are deaminated but axert no pressor properties 
(MarfanU, 86), some ore not deaminated and have good pressor qualities of long 
duration, whUe others are neither deaminated nor active as pressor anunes (B) 
Except for a delineation of tn vtiro results reference to mono or dihydne de- 
nvatlvca of phenylethylamme has been omitted, for amine oiadaso probably 
plays no great r61o m their inactivation in the body (70, 80) 

The OKorhc-dehydroatcorlno aad tyeiem for the deamination of sympathomi 
•uctic anunes was discovered during a search for the mechanism responsible for 
e inactivation of that amount of amphetamme and related compounds which 
was not excreted as the amine The reaction for the deammation of amphetamino 
u illustmted in the following equation 
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state in mvo Still more recently these investigators have found that certam of 
these amines accelerate the a-tocopherol phosphate-inhibited oxidation of lactate 
(70) Bearmg on this pomt, Houchm and Mattdl found that the addihoa of 
a-tocopherol phosphate made possible the reduction of the high succinoxidase 
activity of vitamm E deficient muscle to normal values (71) The prevalence of 
this state of partial inhibition is manifested m the tonus of muscle Much less 
energy ■would be required to alter m either direction this balanced system than 
need be expended otherwise 

From the above lead it would be feasible to extend such research to cover the 
efliect of the a min es on the formation of ATP as influenced by the rate of succmate 
and other nletabohte breakdown and the efficiency with which the energy is 
used This last pomt is a most important one, for Potter has recently stressed 
the fact that a high rate of oxygen uptake from succmate oxidation is no guar- 
antee that phosphate-bond energy is thereby pronded (72) Such evidence 
might assist materially to explam the mode of action of sympathomimetic amines 
Such a concept would allow much more flexibility than would be permissible if 
the principal actions of the ammes were mediated through a common agent, 
epmephrme 

The inactivation of sympathomimetic amines The mactivation of sym 
pathomimetic ammes seems to be much better understood than is their mode of 
action Re-views bearmg on this subject are those of De Meio (73), Beyer and 
Morrison (4e) and Hartung (74) 

Amine oxidase is probably the enzyme most •widely unphcated m the inactiva- 
tion of these compounds It was first descnljed by Hare (76) and was partially 
purified by Kohn (76) The ensyme is 'widely distnbuted m mammahan tissue 
(30) from which it has not been isolated completely, is cyamde insensitive but 
can be inhibited by urea and phenylhydrazme in mtro {77) It is probably 
the same as tyxamme oxidase and adrenahn oxidase (78) and may be the same as 
ahphatic amme oxidase (79) It has been proposed that the name monan^e 
oxidase be used to distmguish it from diamme oxidase (80) Some of the tus 
crepancies m the hterature relatmg structure to rate of deammation of th^ 
compounds undoubtedly stem from the manner of preparing the enzyme for e 
in mtro experiments These differences are so great m many instances, nota y 
m the case of /3-phenylethylamme, as to warrant further mvestigation m an 
attempt to isolate and charactenze the enzyme or enzymes 

Amme oxidase brings about the deammation in mtro of a large numbCT o 
nvatives of )3-phenylethylammes, mcludmg many ha'vmg a mono or 
nucleus (78, 4e, 81) In the course of deammation the compound is conve ^ 
mto the correspondmg aldehyde which may be oxidized further to the anaiogo^^ 
phenylacetic acid unless this later step is blocked, as by cyamde The course 
this reaction is illustrated by the foUowmg equation 
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CH, 



OH 


O CHj— “C^-OHi 

I 

0 ( + NH,) 


Ths pnndple is snnilar to that reported by others In the presence of p-orosol, 
phenol, or hydrotjuinone, phenol oxidase la capable of oxidising glycine, phe- 
nylalanine and leucine with the hberation of ammonia (87) There is no direct 
evidence attesting to the phymologio significanoe of this syrstem «n vtw 
AUehyde$, a» agentt for Ihe deammahon of sympaihomimeiic amines have been 
proposed by Oster and his assomates (46) The pnnoiple is that aldehydes 
foimed m the body either by deaminabon or otherwise are capable of for m ing 
Shifl bases with the amines and so inactivating them Bernheim had previously 
suggested that such a reaction occurred in the course of deamination of amines 
by aimne omdasa (48) The general course of the reaction is as follows 


0 

I I 

NH, + H— C— R 
OH 

Tyrmnlne Aldehyde Shlff bwo 

TWs hypothesiB lacks direct expenmental support 

The phenol oxxdaaes have received a tremendous amount of attention from a 
Dumber of sources They have already been mentioned imder a synonym, ty- 
rosmaae, m the sections on hypertension Most of the older ideas of epmephrme 
inactivation hod to do with the oxidation of ita catechol nucleus by such an 
eniyme. 

There Is no doubt that a number of such eniymes exist The names phenol 
OMdase or crcsolase aod polyphenol oxidase or catechol oxidase serve to distm- 
guuh between them on a ba^ of substrate aCBmties, although the two forms 
shoost always occur together These enxymes can be obtamed in a highly 
punfied state Copper is the oxidation reduction component and the enxymcs 
are therefore cyumde sensitivQ (88) 

In the presence of phenol oxidase an atom of oxygen ifl introduced mto such a 
molecule as tyramino adjacent to the hydro'll group to form a catechol nucleus 
■which m turn is oxiducd to an ortho-qulnone stage in the formation of melanin 
The course of the reaction is bchov^ to be as follows 
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CH,— CHi 
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OH 


OH 
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Reports dealing directly with the relation of structure to the oxidation of mono- 
hydnc and dihydnc phenylethylanunea are those of Beyer (89), AUes (90), and 
Randall and Hitchings (91) The principal generahzations which can be denved 
are (1) Whereas p-hydroxyphenylethylamines may be rapidly oxidized, the 
corresponding meta and ortho hydnc compounds are refractoiy to oxidation 
on the rmg Accordmg to Randall and Hitchmgs (91) /3-(m-hydroxyphenyl)- 
ethylamme is very slowly oxidized (2) If a hydroxl group is mtroduced on the 
same carbon atom of the side cham as that bearmg the p-phenohc nucleus, the 
rate of oxidation of the nucleus is very greatly reduced Furthermore, if a 
keto group is substituted for the hydroxyl group on the )3-carbon atom of the side 
cham, oxidation of the nucleus is abohshed (3) Wbile somewhat the same 
generahzations descnbed m (2) obtain for the compounds havmg a catechol 
nucleus the differences m rate of oxidation are not nearly so distmct 

The functional significance or even the presence of phenol oxidases m mam- 
malian tissues 18 doubtful Bloch m 1917 (92), claimed to have demonstrated 
the “dopa” reaction m skm m experiments wherein “dopa” was mcubated with 
the tissue and over a penod of tune melanm was formed Similarly, Pugh (93) 
demonstrated the “dopa” reaction m the skin of rabbits and the report was 
confirmed by Charles (94) Cadden and Dill have reported a polyphenolase 
extracted from kidney but it was more of the nature of a laccase and did not 
oxidize compounds of the nature with which we are concerned (95) Hageboom 
and Adams reported the presence of a phenolase m a mouse melanoma which 
oxidized tyramine (96) This is the closest to normal tissue m which such an 
enzyme has been shown to be present Bhagvat and Richter have surveyed 
tissues from a large number of animal species and concluded that a phenol oxi- 
dase could not be demonstrated m mammahan tissues by the usual methods 
(38) Aside from the doubtful presence and lack of functional significance of a 
phenol oxidase for the mactivation of sympathomimetic anunes m the mam- 
malian body there are a number of physiological observations which support 
this view These will be considered m the section pertaimng to the conjugation 
of phenohc ammes 

The cytochrome-cytochrome oxidase system which is so umversally present m 
tissues has been shown repeatedly to oxidize epmephrme and related compounns 
havmg an ortho dihydroiy phenolic nucleus, in vitro (97) The equation for 
the reactions may be written as follows 
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CHOH— CH, 

I 

+ (TddlKd _ 

H Cytochrome C 

OH 

oiidlred oxidised redoced 10i oxidlxod 

eytoehrom^ Cytochrome C + Cytochrome ' Cytochrome + HiO 

exidaee oxideee oxidue 

However, it is doubtful whether it funottons in this manner m the body Hy- 
droqumone, catechol, and homogentisUo amd which are ondlied by cytochrome 
C tn vitro are excreted as such or in a conjugated form 
Cooovgatim appears to be the pnncipal mode of inactivation of phenoUc qym 
psthonumetio amines The evidence for this is strong but lacks aomothing of 
tie finahty of the correlation of deamination by a min o omdase with inactivation 
or excretion of 0 phenylethylammes and /d-phenyhsopropylammes 
The fata of monophenobo sympathomimetic ammon has been partioularly 
difficult to elucidate, owing to a lack of specific analytical methods The first 
noteworthy study of tho excretion of tymimne, ^-(p-hydroxypheny^)ethylamme 
was that of Ewins and Laidlaw who administered 600 mgm. of the material to 
dogs and recovered up to 26 per cent of Hie mgcsted material as p hydroiyphenyi- 
acetio acid. Perfusion through Uver ted uterus oxidised tyramine to p-hy- 
dioxyphonylacetio acid, but perfusion through the heart completely destroyed 
the amine (08) These perfusion expenments anticipated the report of Bern 
helm and Bemheim that the abUitiea to deammate, oxidiso or conjugate tjua 
nimo, tyrosme and phenol tn intro were vanously and mdependently present in 
different tissues Cardiac muscle was capable of opening up the rmg in these 
molecules (99) The administration of such large quantities of tho nmme as was 
undertaken m the above experimenta (98) permits a certain reservation as to the 
physiologic significance of tho results 

Beyer and Stutsman (100) administered 30 to 90 m^ doses of tyramme and 
6(p-hydroxyphenyl)isopropylaiimie to both man and dog While they did not 
notice any definite signs of oral activity they concluded that the inactivation of 
these compounds must be of such a nature as not to violate inalterably tho m 
tegnty of the molecule, ns would be the case for an oxidative process This was 
l>ased on the fact that followmg oral administration there was excreted m the 
urme a compound which was identical with the one mgested, ns judged by 
pressor activity and oxidation by phenol oxidaso and aimne oxidaso These 
f<sult8 might be quite reconcilable with those of Ewins and Laidlaw if measures 
for quantitation of results m the two instances were more satisfactory 
Just what the nature of this conjugation is remains to bo established Con 
jugahon at either the ammo or tho phenoho group renders tyramine inactive ns 
a pressor agent (B) Barger and Dale found acetoxyphenj lothylamme mactlvo 
on mtravenoua mjection (101) loeper reported the synthesis of the sulfuric 
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acid eater of tyramme (102) and found it to possess no pressor activity m the cat 
unless first hydrolyzed to yield tyramme (103) To my knowledge their synthe- 
sis of the ester has not been repeated successfully 

Amolt and De Meio have reported that the conjugation of phenol mhver and 
mtestmal' shces is an enzymatic process They concluded that the process, 
which m itself does not mvolve the consumption of oxygen, requires for its acti 
vation the energy produced by reactions coupled with oxygen consumption (104) 
Wilhams has studied the relation of o, m and p substitutions to the conjugation 
of phenols (105) 

Conjugation of sympathomimetic aimnes havmg a catechol nucleus is more 
clearly defined Richter (106) and Richter and McIntosh (107) reported that 
an enzyme, suhosynthase, was responsible for the conjugation of sulfunc acid 
with the catechol nucleus Apparently the over-all reaction is as follows, al- 
though there is no evidence that conjugation necessarily is m the para position 
or that only one phenohc group is mvolved 


/\ 


CHOH— CHi 


OH 


OH 


NH — CHi 4- HiSOi sulfosynthase (?) 


CHOH— CH, 
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OSO.H 


NH— CH, 
OH (?) 


It was clear that when epmephrme, j8(3,4-dihydroxyphenyl)ethylaniine and 
/3(3,4-dihydroxyphenyl)-)3-hydroxyisopropylaimne were administered orally 
these investigators were able to demonstrate m urme only a conjugated form of 
the compound which after hydrolysis yielded the onginal agent as analyzed 
chemically or biologically Their work has been confirmed and extended re- 
cently by Beyer and Shapiro (108) Both groups of mvestigators are agreed 
that the majority of the drug administered th\is is excreted m a conjugated form 
Quahtatively this is mdependent of the mode of administration The last is an 
important pomt and one which will need further study before this can be con- 
sidered uneqmvocally the dommant mode of mactivation of these agents The 
reason for this is that the mtestme and hver are the prmcipal sites of phenol 
conjugation of epmephrme 

Several mvestigators have studied recently the conjugation of phenols with 
sulfunc acid (109) 

Before ceasmg the discussion of conjugation as a mode of mactivation it might 
be well to pomt out that on the whole conjugation of the ammo group has been 
neglected, possibly prematurely Snyder, Goetze and Oberst have just reported 
that the rat is capable of conjugatmg ephedrme and jS-hydroxy-zS-methyl-/?- 
phenylethylamme The total recovery of ephedrme was mcreased by as much as 
40 per cent and the latter compound by as much as 80 per cent w^hen the unne o 
the animals was hydrolyzed (84) Although this may be a species charactenstio, 

the observation is an mterestmg one , 

Renal excrelton of sympathomimetic amines is dependent on their mode o 
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inactivation in the body Thus this section can be made to serve as a summaiy 
of the sahent pomts m the precedmg paragraphs 

U the nucleus is unsubstitutcd by hydroxyl groups, derivatives of phonyl- 
ethylamme which have the ammo group on the terminal carbon atom are dearm- 
nated m the body and are not excreted as such. 'Where the ammo group is not 
on the terminal carbon atom the compound is refractory to deamination, ex 
cept by systems ordinarily of secondary importance, and are excreted for the 
most part ns such Para hydroxy derivatives of ^ phenylethyiamme, regardless 
of the position of the amino group on the side chain, are inactivated m the body 
but are conjugated at least m part in so loose a manner ns to be mdistmguishable 
from the free form of the compounds after excretion. Compounds having a 
catechol nucleus are excreted predominantly m a conjugated form when ad 
ministered orally This is quahtatively Independent of the mode of admm- 
istiation. On hydrolysis of the urme the free form of the sympathomimetio 
amine is hydrolysed from ita conjugate 

Thb helation op bthuctube to pHAnitACOLOQio ACTION The purpose of this 
aection is to mdioate m general the quantitative and qualitative changes in 
phannncologio properties that have been found to accompany basio and sys- 
tematio alterations m the structure of eympathomimetic agents In some m- 
staucea these compounds are eo divergent m struoturo aa to have m common only 
certam pharmaoologjo properties, m other instances the alterations m function 
induced by the oompounds are so at variance that their chemical structures are 
the greatest pomt of sunilanty 

The foDowing formulae illustrate several of the type structures and alterations 
which win be discussed m this section The list is not complete but may serve 
as a guide to those not familiar with the nomenclature of such compounds 
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SubsUtuhona into the -phenyl nucleus 


a Monohydroxyphenylethylammes 
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Aliphatic amines The recent reports on ahphatic amines, as vasoconstnctor 
(110) and as antispasmodic agents (111), have served to renew interest m tto 
group of compounds Actually the first cntical mvestigation of a senes of Z 
allg^lammea was that of Barger and Dale (101) Their senes mcluded the nor 
mal monoalkylammes, a number of iso-monoalkylammes from methylanune 
undecylamme, and representative di, tn and quartenary ammomum compoun s 
The lowest members of the group were found to be depressor agents or ^ 
no effect on blood pressure (101, 112) Defimte pressor activity was attnbu 
to n-butylamme, maximal pressor activity of the compounds was resid 
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n-hcDcylamme For compounds of greater chain length pressor activity de- 
creased progressively although toxicity mcreased 
Rohrmann and Shonle have synthesised and studied pharmacologically (113) 
the most systematic group of ahphatic pressor ammes to date They confirmed 
the observation of Barger and Dale that, of the n 1 alkylanunes, 1 anunohexane 
had the greatest pressor effect. Positioning of the ammo group on the second 
carbon atom of heptane or octane gave better pressor results than substitution 
on any other carbon atom 2-Aimno-4-mothyl hexane, reportedly the most 
active compound of their senes, and 2-aimno-4-mothyl heptane were more active 
than either of their 3-methyl or 6-niethyl counterparts 
As a pressor agent the best of the ahphatio ammes is less active than ephednne 
(113b) and they all demonstrate tachyphylaxis (101, 110c, 114) 

The phenylelhylamiru eiruelure Recalhng that 1-ammoheiane has a fair 
degree of pressor aotavity it is mterestmg that cyclohexylamme possesses only 
about i its pressor potentiahtiea Cyclohexylmethylamine is only shghtly 
more active thrm cyolohexylamme, but when the amino group is further removed 
from thp nng by one carbon atom the resulting p-cyclohexylethylamme has an 
activity sixfold greater than cyclohexyhnethylamme and almost as great as- for 
ephednne d-oyclopentylothylnmme has praobcaDy the same pressor acbvity 
as ^-cyclohexylethylanune (113b) There is another mterestmg pomt in these 
data of Rohnnaim and Shonle that bears reiterabon at this time 2 Ammo-4- 
methjdhexane and 2-aniinn4-methylheptane were about four times as acbvo os 
2-amino-3-methylhexano and 2 ammo-3 methyl heptane, althou^ all the 
compounds were less active than d-cyclopentylethylamme or d-ejtdohexylethyl- 
anime. In both types of compound the amino group is one carbon atom re- 
moved from that bearing the rmg, or from the actual branchmg of a long chrun 
Barger and Dale (101) came to the conclusion that the aromabo nucleus 
should be one carbon atom removed from the ammo group on the side cham 
IVhereas anilme had no pressor effect, bensylamine was shghtly active o- 
Phenylethyiamme was still more active while /3-phenylethylamme had maximal 
activity and y phenylpropylamme was again less aobvo Although there have 
been many substonbabons of this fundamental pomt one of the best was that of 
Hartung and Munch (116) who studied the pressor effects of four isomenc 
phcnylpropylammes Actually this beta relabonship of the ammo group to the 
aromahe nucleus transcends this group of compounds and appears m other series 
os well 

hlodtjieaiton of the altphaltc side cham If one subsbtutes an alkyl cham, 
exceeding a methyl group, or tm aryl group on either the alpha or beta carbon 
at^ the sympathomimetic effect of the resulting agent is markedly reduced, 
^hshed or reversed This has been found to be true for subsbtubons in the 
beta posibon with respect to the amme by Warren et al (116), and Beyer (B) 
compounds of the phenyhsopropyl senes synthesixed by Suter and Weston 

S^umann found that if the side cham of epmephrme was mcreased to four 
'*roon atoms, the compound was no longer pressor but was depressor m char 
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SubsUliUtons vnto the phenyl nucleus 
a MonohydroxyphenylethylamineB 
y^CHj— CH, /^CHOH— CH, 


NH— CH, 


b Dihydroxyphenylethylamines 
>^CHOH— CH, 

( NH— CH, 


“Tyramine” 

para-hydroxyl 

radicle 


“Neosynephnn” 

meta-hydroxyl 

radicle 


Other types of aromatic nuclei 
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^-(6-hydnndenyl) 3-methyl-3,4 di- /S-tetrahydro 

ethylamme hydroisoqumoUne naphthylamme 



2-naphthyl- (1')- 2 aminoindane l.hydroxy-2-aniinO' 

methyl imidazolme hydrmdene 


“Pnvme” 

Aliphatic amines The recent reports on ahphatic amines, as vasoconstnctor 
(110) and as antispasmodic agents (111), have served to renew mterest m 
group of compounds Actually the first cntical mvestigation of a senes 0 
alkylammes was that of Barger and Dale (101) Theu" senes mcluded the no^ 
mal monoalkylammes, a number of iso-monoalkylammes from methylanuae 
undecylanune, and representative di, tn and quartenary ammomum compoiRi 
The lowest members of the group were found to be depressor agents or to 
no effect on blood pressure (101, 112) Defimte pressor activity was attn u ^ 
to n-butylamme, maximal pressor activity of the compounds was resi en 
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(desojtycphcdnne, pemtm) which stimulates the central nervous Erystom to 
about the same or a greater extent than docs /5-phenyhsopropylainme, depend- 
mg on the author (127c, 129), cmnamylephedune is reported to have local 
anesthetic properties (130), and certain others are claimed to have some anal- 
gesic effect (131) , the N-ethyl denvabvea ot ophednne (127b) and epinephrme 
(132) are reported to have good bronohodilator effect although their pressor 
acbvities arc considerably lower than those of the parent compounds 
Alteration of the aromatic nueZeus If a single hydroxyl group is mtroduced 
into the ring, the o-hydroxy compound is usually the least active, the m hydroxy 
the most active and the p-hydroxy derivative is mtermedlate but nearer the 
m-hydroxy m its potentiahtiea The general order of pressor activity of these 
monohydne amines is on the whole much greater than for the nonphenohe com- 
pounds, ran gin g roughly from to -riir as active as epmephnne for the phenolic 
and -rirr to inactivity tor the nonphenohe The observation of the relationship 
of position of tho hydroxyl group to activity agam goes back to the report by 
Barger and Dale (101) In the most recent report on the subject the relative 
inactivity of the ortho and the supenor effectiveness ot the meta hydroxy com 
pounds are borne out (133) Although Barger and Dale did not appreciate the 
difference m activity ot the raeta and para compounds, a sufficiently large 
number of reports testify to the unerpuvocally greater activity of the meta 
hydroxy compounds (127d, 118, 134) In general the meta and para hydroxy 
compounds are more toxic than are their nonphenohe counterparts, they have n 
greater effect on mtestmal activity, they are not as active by oral administration, 
they have a somewhat greater bronohodilator acbon, and they do not exhibit 
tachyphylaxis In all these respects tho meta hydroxy compounds are superior 
Moreover the latter group more nearly sunulates tho actions of epmephrme and 
ha related agents haidng n catechol nucleus Its pressor action is reversed by 
ergotamme and potentiated by oocamo (120) pancreatic secretion is stiraiilatcd 
(135), and, in the case of d(3 hydroxyphenyl) ffihydroxyetbylmethylamme, it is 
the only typo of highly active pressor agent which does not exaggerate the 
cardiac irregularities potentiated by cjolopropano anesthesia (130) 

If two hydroxyl groups are mtroduced mto the nucleus, the pressor activity of 
the compound depends on their relation to each other and to the aide chain 
Dnidn was impreased sufficiently by tho appearance of the catechol nucleus m 
epinephrme to consider it to bo the essential part of the cpinephnno molecule 
(137) There is no doubt tliat for maximal offecUi eness regardless of the nature 
of tho side chain, the ortho dihydroxj substitution must bo m the meta and porn 
Posibona These are tho so-called true sympathomimotie ammes from a phar 
macologic standpomt Their pressor ratios nm roughly from equal, or bettor, 
to 1)5 of that of opmephrine. None of them is active as a pressor or bronchodila 
tor agent in moderate dosage except by parentoral administration, their duration 
of action is rclabvely bnof, and they arc quite unstable agents Some idea of tho 
csscntiahty of tho 3,4-dihydroxy nucleus may be gamed by a comparison of 
epmephnne pressor rabos of a number of J3(di hydroxyphenyl) propjdaminea re- 
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ported by Grabam, Cartland and WoodrnfE (4f) 2,3 dihydroxy = 1/760, 2,4 
dihydroxy 1/1100; 2,5 dihydroxy 1/4000, 2,6 dihydroxy == depressor, 3,4 di 
hydroxy = 1/40 and 3,5 dihydroxy = 1/120 

Of all the sympathomimetic ammes, arterenol, )3(3,4-dihydroxyphenyl)-i3 
hydroxyethylamme is undoubtedly more active than epmephnne It has 
been proposed to be the h3rpothetical “sympathm” (21) 

The methoxy-phenylethylamines are among the most frequently studied of the 
compounds havmg substitutions m the aromatic nucleus The mono, di and 
tn methoxy and methylene-dioxy denvatives of the more common j8-phenyl 
ethylamme and /3-phenyhsopropylamme structures have been made In general 
these compounds are more toxic and less active as pressor agents than are the 
corresponding phenohc or catechohc denvatives The denvatives of )3-pheny- 
hsopropylamme and especially ^-(3,4-methylenedioxyphenyl) isopropylamine 
mitiate symptoms of central nervous 83rstem stimulation when mtroduced into 
rats, but none of these agents has gamed acceptance The most comprehensive 
pharmacological studies of these compounds were undertaken by Gunn and his 
associates (138) 

Two co-operative projects of considerable magmtude in this field are the 
pharmacologic actions descnbed by Hjort (139) for 22 denvatives of N-methyl- 
jS-phenylethylanune out of a group prepared by Buck (140) , and the pharma- 
cologic actions of the methoxy phenylpropylamme senes descnbed by Graham 
and Cartland (4f, 133), the compounds bemg synthesized by Woodruff and his 
associates (141) Graham and Cartland have reported that m some instances 
the methoxy compounds showed supenor bronchodilator activity with less pressor 
effect than the correspondmg hydroxy compounds Mescahne, /3-(3,4,5-tn 
methoxyphenyl)-ethylairune, has most mterestmg central nervous system 
stimulatmg properties but no notable pressor action (142) 

One other type of substitution into the nucleus deserves mentioning 1^® 
)3-aminophenylethylammes are an mterestmg group, although httle is known of 
them They more nearly simulate the pressor activity and lack of toxicity of 
the phenohc type compounds than any other substitution mto the nucleus 
Ephetonal, p-ammo ephedrme, is less than half as toxic as ephedrme, and is a 
good pressor compound (132b, 143) Its effects on pancreatic secretion (135) 
and as a bronchodilator agent (132b) have been descnbed A number of similar 
compounds have been reported m the hterature (144) and on the whole they 
conform to the above generahzation 

Although a number of other groups have been mtroduced mto the benzene 
rmg, none of them yields compounds of any great mterest These mclude the 
halogens (145), esters and ab^l groups (125, 146), mtro group (125), and a 
number of others Probably a fair mdex of the relative effect of a number o 
these substitutions mto the nucleus on the pressor activity of a basic compoim 
are the followmg epmephnne pressor ratios obtamed under stnctly compara e 
circumstances for substituted phenyl denvatives of /3-phenyI-/?-hydroxyi^ 
propylamme (B) m-hydroxy 1 25, p-ammo 1 45, o-fluoro 1 80, m-fluoro 1 > 

p-hydroxy 1 103, m-chloro 1 133, the parent compound 1 185, p-fluoro 1 > 

p-methyl 1 353, p-chloro 1 550, p-methoxy 1 800 
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The substitubon of other aromatio nuclei for the beniene ring leads to com- 
pounds whoso aobonfl vary from pressor to no effect to strong depressor action 
A few examples will serve to illustrato this diversity The sunplest alteration is 
from the beniene to the cyclohexyl nng Recent reports along this Ime are those 
of Rohnnnnn and Shonle (113b) and Lands, Lewes and Nash (147) 

The oyclohexyl and oyolopentylethylairunos and isopropyiammes have slightly 
less pressor effect, are volntilo, but do not have the pronounced central nervous 
gystem etimulating effect of their phenyl homologs The isostores of the phenyl 
othylamines are mterestmg compounds The closest are the ^ihienylethyl- 
amines These have been studied by Tainter (140b), Alles and Foigen (148), 
Warren, Marsh, Thompson, Shelton and Becker (116), and Van Zoeren (149) 
Of all the heterooyho derivatives of the ethylammes these more nearly resemble 
the p-phenylethylaminoa pharmacologically Replacement of the sulfur by 
oxygen in the heterooyho nng yields the P-fuiyiethylammes (148) which are less 
active than the ^thienylethylarmnes One other heterooyiio compound which 
has the same pressor ratio as phonylethylanune is (5-hydrmdenyl) ethy- 
lainine(B) 

Other types of nuclei which have not yielded compounds of noteworthy sym 
pathomimetic effects are, «,j3-diphenylethylanunes (160), isoqmnohnes (161), 
1 hydroxy 2-aiiunohydrmdeno (162, 163), j9 tetrahydironaphth iylamme (101), 
and indanarmnes (163) The most successful of aH researohes in this direction 
are those reported by Scholi (4b) and recently by others (164) for certain imi 
daiolmes of which “Pnvme” is the beet known example Histamme is an ex 
ample of a heterooyiio substituted d-ethylamine which is an mtensely depressor 
agent. On the other hand an analog of tryptamme the cpiartemary tnmethyi 
indole-ethylanune iodide (166), like so many qunrtomary ammomum compounds 
(101, 160), is a pressor agent 

Many more compoxmds more or less resembling the structure of sympatho- 
mimetio amines have been prepared and studied On the whole they have 
*®rved no outetandm^y useful purpose in this held and bo will not be reviewed 
Reference to them can be found in the chemical hterature 
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It IS proposed m this commumcation to consider the mechaiusm of carbon 
dioxide utihzation by animal tissue together with those problems which 
closely related to this subject The fixation of carbon dioxide occurs m ® 
synthesis of glycogen and is mtimately involved m biological oxidations throu^ 
the tncarboxybc acid or Krebs cycle This cycle constitutes a mechanism y 
which carbohydrate and fat may be oxidized These closely mterwoven pro 
lems make up the mam task of this review . 

The early developments m this field do not need to be considered extensi 
smce the matenal has been adequately reviewed by others (1), (2), (3) ^ ® 

ten years which have elapsed smce Wood and Werkman (4) first demonstra 
carbon dioxide fixation by heterotrophic bactena, there has been rather ra^ 
advance This progress has been especially rapid smce 1940, when ge 
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agreement waa reached that carbon dioxide can be used by most hcterotrophic 
forms of life Ihe acceptance of thiB phenomenon stemmed mainly from the 
fact that isot<^)ea of carbon became available, which made possible the active 
study of utilisation of carbon dioxide by orgamsma other than the special bacteria 
with which the first observations were made With isotopes it proved easy to 
demonstrate that many orgamsma can assimilate carbon dioxide, boctena (6), 
(6), molds (7), protoroa (9), and animals (10), (11), (12), (13) After completion 
of this step, investigators were confronted with the more difficult task, that of 
solving the chemistry underiying the reactions by which the basio conversion of 
carbon dioxide to an organic linkage la brought about A good start has already 
been made m this direction but much still remains obscure Beyond the direct 
object of obtaining informatioti concerning the chemical reaction lies the goal of 
interpreting the function of carbon dioxide fixation m biochemistry At present 
such considerationa are largely speculation 

Ihe studies of carbon dioxide fixation have led, and will lead, not only to a 
bettor understanding of this process, but also, in an indirect way, to the solution 
of other problems. Already these mvestlgations have contributed to the under 
standing of the mechamsms of the tncarboxylic acid cycle and of glycogen 
syntheris. Ultimately it is to be expected that the information will constitute 
a real contribution toward clarification of the chemical reactions of photogyn 
tbema It is quite probable that the xmderlying reactions may be similar m the 
two processes, the essential difference being that the required energy is radiant 
in photosynthesis and chemical in the case of heterotr^hio metabolism (14)^ 
(16), (16) 

Section I IranAL reactionb in the fixation op carbon dioxide Until 
recently there waa only one example of a reaction by which carbon dioxide was 
l^eheved to be fixed in an organic linkage by heterotrophic forms of life. This 
reaction consisted of the combination of p3rTuvic add and carbon dioxide, to form 
oxalacetate (17) Ihe kinetics and mtermedmte steps of the reaction are still 
obscure Recently, in addition to this example of fixation by C|* and Ci combina 
bon, evidence has been presented of Cj and Oi addition (18), (16) and very 
recently of C| and Ci combination (19) As yet Cj and Cj addition has not been 
demonstrated with animal tissues The bidogical significance of the last two 
reactions has received practically no consideration. 

There is at present no reason to believe that other reactions of carbon dioxide 
fixation win not be observed, there arc many decarboxylations which have not 
yet been tested for reversibility Certainly there is no longer any basis for nssum 
that Cj and Ci addition is the key reaction for all carbon dioxide fixation, 
relative importance of the fixation reactions in hiodiemistry cannot bo 
judged at present It is conceivable that some of the fixations are not essential 
for formation of necessary compounds, but that they are simply the result of the 
of breakdown mechanisms 

There are three knoivn examples of primary fixation reactions By primary 
fixation la meant the reaction in which the carbon to carbon linkage is first 

* Cotnpouadj containing n number of carbons will be referred to as Ck 
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formed This is m distinction to the overall changes following this initial fixation 
of carbon dioxide Presumably the primary fixation reaction initiates fixation 
which ultimately leads to the inclusion of carbon from carbon dioxide in a large 
number of denved compounds 

The three primary fixation reactions will be considered m order of their 
discovery 

Cs and Cl addtiton by oxalacetaie ^-carboxylase 
(1) + CH, CO COOHi=;C>»OOH CHj CO COOH 


Reaction 1 was first proposed as a working hypothesis for the fixation of carbon 
dioxide m the propiomc acid fermentation (20) This proposal was based on the 
observation that m the fermentation of glycerol by the propiomc acid bacteria 
the succinate formed and carbon dioxide utihzed were approximately equimolar 
This fact pomted to a umon between carbon dioxide and a Cj compound formed 
from the three carbons of glycerol P3mivic acid had been isolated from this 
fermentation (21) and was proposed as the C3 compound 
No real progress was made toward the identification of the actual components 
of this reaction until Krampitz and Werkman (22) discovered a heat-labile 
enzyme from Micrococcus lysodeikticus which catalyzed the decarboxylation of 
oxalacetate to p5rruvate Later, with C‘*Os it was possible to show that the re- 
action was reversible and that the eruyme could mduce the mcorporation of 
carbon dioxide mto oxalacetate (17) The (7® of the labeled carbon dioxide vas 
found exclusively m the carboxyl adjacent to the methylene group of oxalacetate 
as predicted m Reaction 1 Smce the only compounds added m this reaction 
were oxalacetate and carbon dioxide, and pyruvate and carbon dioxide were the 
only products formed, the evidence was fairly clear that the carbon dioxide was 
mtroduced mto the oxalacetate with no alteration of the compounds other than 
perhaps rumor transformations for activation such as to form phosphorylated 


compounds 

With RTiimnlH a similnr type of direct evidence of fixation of carbon dioxide by 
oxalacetate /9-carboxylase was not obtamed although claims for proof of 
reaction were made on the basis of mdirect results These claims have already 


been cntically exammed m a previous review (2) ^ 

Evans et al (23) m 1943 made an important contribution toward the proof t a 
ammal tissue fixes carbon dioxide by oxalacetate /9-carboi^lase, when ° 
tamed a cell-free preparation from pigeon hver contammg this enzyme 
enzyme was heat-labile and catalyzed the decarboxylation of oxalacetate 
pyruvate, just as the bactenal enzyme (22), but differed m one apparently 
respect m that it was activated only by Mn++ instead of either Mn"^ or 
When both fumarate and pyruvate were substrates, the hver extract cataly ® 
rapid fixation of carbon dioxide, as judged from the amount of lu 
linkage when C^Oa was used as a tracer The net chemical change during 
reaction consisted m a conversion of the fumarate to lactate and carbon dioxi 
The ongmal pyruvate concentration remamed unchanged durmg the reaction 
very httle C^O* was fixed if the pyruvate was omitted from the reaction mixture 
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When pyruvate was the only added gubatmte and crude extracta nere used 
there was conodemble fixation of carbon dioxide, but w ith dinlyied or purified 
enjymes the C‘ fixed was reduced to a very small value Tbe fixed O' m the 
latter case was almost qunnbtatively precipitated as duntrophenylhydraione 
(presumably of pyruvate) Evans et al (23) ha\e considered this fixation of 
carbon dioxide with pyruvate to be an uncompheated example of the primary 
fixation by Reaction 1 Since the amount of fixation was reduced by purification 
of the eniyme it is possible that neceasary unknown reactants were removed by 
the procedures of purification This fixation may, thus, have the same character 
as the fixation with mixed substrates of pyruvate and fumainte in that it is not a 
sunple reaction The results were, thus, not a very satisfactory demonstration 
of the pnnmry reaction 

Evans d ol (23) proposed that the fixation mth pigeon liver extract occurred 
by reversibility of the following reactions 

(2) O-O, + CH, CO COOH C‘'OOH CH, CO COOH 

(3) C»OOH CH COH COOH ii; COOH COH CH COOH (Shift of OH) 

(i) COOH CH CH COOH + H,0 COOH CH, CHOH COOH 

(6) COOH CH, CHOH COOH + CH, CO COOH 

COOH CH, CO COOH + CH, CHOH COOH 
Reactions 2 and 3 wore proposed to account for the fixation when pyruvate was 
the only substrate and Reactions 2 through 6 when both pyruvate and fumarate 
were meludod Krampits el ai (17) have demonstrated that the shifting of the 
OH of enol-oxalacetate does not occur spontaneously vm Reacbon 3 They 
showed that excess O’* in one carboxyl group of oxalacetate did not become 
spontaneously distributed m both carboxyl groups of oxalacetate and therefore 
the poesibihty of Reacbon 3 ocourrmg non-enaymabcally w ns excluded 

In order to further verify the reaobons, Wood, m collaboration with Evans 
and Vcnnesland (24), studied the fixahon m greater detail Carbon dioxide 
labeled with C" was used and the components of the reaction were degraded for 
detenninatlou of the location and concentrabon of the C" m each compound It 
was demonstrated that the C* was enbrely m the carboxyl groups of the py- 
rui’ato, lactate, malate and fumnratc and that the concentration of C'* was 
approximately the same m all the carboxyl groups These results were, there- 
fore, ID complete agreement with the proposed Reactions 2, 4, and 6 of Evans 
et al (23) However, an attempt was not successful to \ enfy by direct methods 
that the liiur oxalacetate ^-carboxylase mduced exchange of carbon dioxide in 
oxalacetate, in a manner similar to the baotenal preparation These studies 
indicated that the revereal of Reacbon 1 was apparently too slow to account for 
the rapid exchange observed with fumarate and pyru\ ate There thus remamed 
some doubt as to the mechanism of the primary reacbon of the fixaboa by the 
pigeon hver extract 

This uncertornty has largely been rcmoi ed by the recent ekpenments of Utter 
Wood (26) They haiu demonstrated that the decarboxylation of oxalace- 
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tate by the hver extract is reversible, when adenosine tnphosphate (ATP) is 
added to the enzyme With NaHC^’Os, oxalacetate, no ATP and the enzyme of 
hver extract a very slow exchange of C** in the oxalacetate was observed "When 
ATP was added to the mixture the rate of fixation was comparable to that 
observed with pjuuvate and fumarate Adenyhc acid did not replace ATP m 
this reaction, nor did cocarboxylase Mn++ is a necessary activator for the 
carboxjdation and Mg^ will not replace the function of the Mn++, just as has 
been previously observed for the decarboxylation (23) Whether or not the 
requirement of ATP is a pomt of difference from the bactenal oxalacetate ^ 
carboxylase is not apparent at present It is possible that there is sufficient ATP 
m the bacterial preparation to supply the requirements of the reaction 

The function of the ATP m Reaction 1 is not evident It remains to be m- 
vestigated whether ATP serves to phosphorylate oxalacetate or p 3 TUvate and 
these esters are the active components of the reaction, or whether, for example, 
ATP acts m the synthesis of an essential phosphoiylated coenzyme as Gunsalus 
et al (26) have observed with ATP and pjoidoxal m their studies of tyrosme 
decarboxylase The function of the ATP is not to phosphoiylate thiamm smce 
cocarboxylase does not catalyze the exchange Neither is its function to phos- 
phorylate p 3 Tuvate to give phosphop 3 TUvate Phosphopyruvate will not re- 
place the ATP function 

It IS mterestmg m this connection that Kalmtsky and Werkman (27) with an 
extract of E colt have observed the formation of oxalacetate or a chemically 
similar compoimd from pyruvate and bicarbonate imder anaerobic conditions 
The oxalacetate was detenmned by the anihne citrate reaction and by the 
colonmetnc method of Straub (28) How^ever, Evans (1), on the basis of thermo- 
dynamic data, has calculated for the direct carboxylation of pyruvic acid, that 
the maximum amount of oxalacetate that could be formed would be only 0 06 per 
cent of the observed amount He has concluded that either the pjonivate forms 
some denvative of higher energy content which is the true substrate of car- 
boxylation, or the bulk of the oxalacetate found was denved from another source 
Apparently Evans (1, p 281) mismterpreted TCalnitsky and Werkman’s report, 
how'ever, for although the latter authors speak of direct carboiylation they were 
not unaware that energy is necessary for the reaction They considered thu 
aspect of the problem and suggested that the simultaneous formation of acety 
phosphate from pyruvate by the E colt extract might be the logical source 
energy for the endergomc reaction The findmg by Utter and Wood that A 
IS an essential component of the reaction gives some support to the contention 
that there may be a high energy denvative with which the actual carboxylation 
occurs 

Cj and Cl addition by the phosphorodaslic reaction Early attempts to prove 
that there was fixation of carbon dioxide by Cj and Ci addition were not success 
ful Krampitz et cd (17) with were unable to detect any reversibihty in 

the oxidative decarboxylation of pyruvate with Micrococcus lysodeihticus, ® 
C'* was detenmned m the carboxyl of the pyruvate remaimng after fifty P^r 
of it had been oxidized by the bacteria Evans (139) obtamed smular negative 
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raults with yeast carbojcylase but Carson et al (29) reported a very amall pogibve 
value. Because the pyruvate was separated as the 2 ,4.<hiutrophenylhydraH)ne, 
which is not specific for this compound, and because the amount of C" fixed was 
so small the significance of the latter result is uncsrtam 
Nevertheless, there was some evidence in certain bacterial fermentations that 
Cj and Cl combination did occur Slade «t al (B) found that Cloitndiian todchit 
and CZ. acetobirtyltcum produced lactate m which C”Oi was fixed in the carboxyl 
group Since there was no detectable amount of Ci dicarboxyhc acids formed m 
these fermentationa there was no evidence that the C" lactate arose tea Cj and 
Cl fixation Also, Brown et al (30) could find no evidence that butyl alcohol 
bactena dissimilated Ci dicarboxyhc acids ITiis findmg made still more remote 
the possibihtj that the C‘-lactate was formed from these acids 
The above results were suggestive but were by no means conclusive The 
proof of Ct and Ci addition came from the study of a specifio enxyme reaction, 
the phosphoroclasbo spht of pyruvate, which was first demonstrated by Utter 
and Werkman (31) with an extract from B coU 

(6) CH, CO COOH + HjPOi CH, CO(OPO,H,) + HCOOH 
The background of this discovery was as followe 

lipmann’e important mvestigations of pyruvate oxidation with LaclobacOltu 
ddbrUclat had pointed to acetyl phosphate as a key intermediate m metabolism 
(82), especially amce the phosphate Imkage m acetyl phosphate is of the energy- 
rich type (33) and is able to bring about the phosphorylation of adenylic amd 
Curiously, the phosphoroclastio reaction was first suggested as the result of a 
misunderstandmg Silverman and Werkman (34) m an mvestigabon of the 
conversion of pyruvate to acetylmethylcarbmol by Aerobaeter, presented evi 
denco that phosphate was necessary for the reaction lipmann (33, p 136) 
beheving that they were workmg with the so-called hydroclastic spht of pyruvate 
(Reaction?) 

(7) CH. CO COOH -h HOH -► CH, COOH + HCOOH 

and that phosphate hud been found necessary for the reaction, suggested that the 
hydroclastic spht might m reahty be a phospborodastic spht (Reaction 6) 
Kalnltsky and Werkman (35) later found that cell free extracts of E coh were 
unable to dissimilato pyruvate after a short period of dialysis and that the system 
was reactivated by addition of phosphate The principal conversion was to 
acetic and formic acids, although succinate and lactate were also formed Utter 
and Werkman (31) then provided convincing proof of the phosphoroclastio re 
action by showing that one mole of labDo phosphate (assumed to bo acetyl phos- 
phate) arose for each mole of pyruvate convortwl to a Cj compound by on £■ coli 
extract. Most of the acetyl phosphate was formed by the phosphoroclastio 
split but apparently about 16 per cent was formed by dismutation of the pyruvate 
to lactate and acetyl phosphate and carbon dioxide 
In the phosphoroclastic cleamge of pyrui ate the energy from the splittmg is 
“tKely preserved m the acetyl phosphate The external energy loss from the 
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astern IS thus sufficiently low that the reaction becomes much more reversil 
than would be possible wth the hydroclastic spht (36) Utter et al (18) wt 
able to demonstrate this reversibihty by dissimilatmg pyruvate with the E c 
extract m the presence of HC^^OOH The residual pyruvate was shown to cc 
tarn excess C*’ in the carboxyl group For example, after sixty mmutes’ anaerol 
mcubation, thirty per cent of the pyruvate was broken down and the forms 
contamed 0 77 per cent excess C** and the carboxyl of the p 3 rruvate 0 78 per cei 
Thus, the excess C*® which had been added as formate was in complete equil 
rium with the pyruvate-carboxyl Smce the carbon dioxide in the system at t 
conclusion of the experiment contamed only 0 06 per cent excess C*’, it is clf 
that the heavy carbon pyruvate could not have resulted from oxalacetate 
carboxylase fixation of carbon dioxide, or any reaction mvolvmg carbon dios 
as such 

When pyruvate was dissimilated m the presence of CHjC^’OOH and adenosi 
tnphosphate the residual p3’Tuvate contamed excess C® m the carbonyl positii 
This exchange was about tw enty tunes slower than that with pyruvate and f 
mate, apparently because Reaction 8 was hmitmg 

(8) CH* (?»OOH -f- ATP ±1^ CH, C»0(0P0,Hj) + ADP 

(9) CH, C‘»0(0P03H2) + HCOOH CH, C»0 COOH -f- HjPO^ 

The reversibihty of Reaction 8 has been shown by Lipmann (37) 

Although the proof that fixation occurs as pictured m Reaction 6 is quite a 
dusive, perhaps one final piece of evidence is desirable to show that it is ace 
phosphate rather than another denvative of pyruvate which is the compone 
of the rapid equdibnum mth formate This proof would mvolve detennini 
whether or not heavy carbon acetyl phosphate equihbrates ivith pyruvate 
rapidly as labeled formate 

Lipmann and Tuttle (16) have extended the mvestigations of the equihbni 
of the phosphoroclastic reaction usmg acetyl phosphate and formate and det 
minin g chemically the pyruvate m equfiibrium mixtures The equihbnum 
far tow ard the formation of acetyl phosphate and formate so that a very sm 
amount of pyruvate is formed However, considered m view of proof provi 
by the heavy carbon experiments it seems quite probable that the measured co 
pound IS really pyruvate Accordmg to these measurements the equihbm 
constant is roughly 10“- for the condensation reaction 

The exchange of radioactive morgamc phosphate wath the phosphorus of aw 
phosphate was also detemuned The equihbnum between the organic an i 
orgamc phosphate was reached m about one-half hour Lipmann and 
have concluded that the phosphate exchange is caused predommantly ^7 
action 6 although the possibihty of other reactions occumng is considered 
to be noted that the rate of exchange was not influenced by addition of any i 
actant other than acetyl phosphate This is surpnsmg if the exchange occurs 
the phosphoroclastic reaction ^ 

Closely related to the above mvestigations are the experiments by 
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and Johnson (38) and Koepsell cl al (39) They obtained a cell free extract 
from Chtindtum hUyltcnm, which catalyied the fermentation of pyruvate to 
acetate, carbon 'dioxide and hydrogen The amount of hjdrogen evolution 
during the reaction was proportional to the concentration of inorganic phosphate, 
but with ordinaiy methods for phosphate dcterminabon no phosphate ester 
could be detected (38) However, by uamg a procedure applicable to the de 
termination of labile phosphate esters, an ester cmdd bo separated which quite 
certainly was acetyl phosphate m mixture with butyryl phosphate (39) The 
butyiyl phosphate apparently is formed by transfer of the phosphate of acetyl 
phosphate to butyno acid 

Reaction 10 which is catalysed by the extract of the butyl bacteria is thus 
almost identical with that by the extract from E colt 

(10) CH, CO COOH + H.PO. CH, CO(OPO.Hj) + CO, + H, 

The difference m the reactions is that formate is not a product and apparently 
not an mtermedmte smee formate is not broken down by the ensyme from butyl 
bacteria Lipmann and Tuttlo (10) have provided endence for the view that 
Reaction 10 is reversible They showed that about the same amount of pyruvate 
la formed by this ensyme from acetyl phosphate and carbon dioxide and hydro- 
gen as was observed with the extract from B colt and acetyl phosphate and 
formate Very recently 'Wilson, Krampits and Workman (40) have added to the 
evidence by experiments with CKh Using a cell free extract of Cl btilyltetm 
with pyruvate, CK), was found to exchange rapidly with the carboxyl group of 
pyruvate It is thus clear that carbon dioxide may bo fixed by C, and C, addition 
by two different bacteria (intact E colt cells can reduce carbon dioxide with 
hydrogen to formate) Furthermore, it is reasonabl> certam that acetyl phos- 
phate is an mtermediate m the reaction 
Whether or not acetyl phosphate plays a idle m ammal tissue is not known at 
present The comparative biochemistry of different tissues has thus far proved 
sunilanty to bo the rule and it seems probable that animal tissue will bo found to 
produce acetyl phosphate Lipmann (41) has recently desonbed an ensyme 
occurring m skeletal muscle which rapidlj and specifically dephosphorylates 
ocetyl phosphate Its presence in tissue might readily mterfere vnth the de 
tection of any acetyl phosphate which was present The establishment of 
acetyl phosphate as an mtermediate m animal metabolism will not necessarily 
imply that animals can fix carbon dioxide by C, and Ci condensation It is to be 
noted that there are no reactions known to occur m animals which are comparable 
to the rcaetions which are reversible in bactena, i o , reactions in which formate or 
hydrogen gas is produced If the dismutation of pyruv ate to lactate and acetate 
and carbon dioxide were found to bo revereiblc, the possibihtj of fixation of 
carbon dioxide by C, and C, addition m aminals would seem much more probable, 
amce this convulsion apparently occurs m ammal tissue (42, p 210) 

Although carbon dioxide fixation m the carboxyl group of lactic aad, as shown 
by Wooddol (11), (24) with pigeon liver and with the hver extract may possibly 
eccur by C, and C, condensation, the fixation seems to be adequately accounted 
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for by Cs and Ci condensation The liver extract apparently does not break 
down pyruvate, therefore the possibihty of Cj and Ci addition m this case seems 
remote 

Ci and Cl addition by oxalosuceinate carboxylase Ochoa and Weisz-Tabon 
(43) have recently made the very interesting discovery that crude solutions of 
isocitnc dehydrogenase prepared from heart muscle contam an enzyme which 
catalyzes Reaction 11 

(11) COOH CHj CH CO COOH 

iooH 

Oxalosuccimc acid 

COOH CHz CHi CO COOH + CO, 

a-Ketoglutanc acid 

Chemical synthesis of oxalosuccimc acid was accomplished for the first time and 
the decarboxylation of the acid was then studied with the enzyme preparation 
The enzyme is thermolabile and is activated by Mn'^ but not by Mg^ It can 
be precipitated with acetone from aqueous solution without loss of activity and is 
almost completely precipitated by acidification to pH 6 2 The enzyme does not 
catalyze the decarboxylation of oxalacetic acid 
Previously the decarboxylation of oxalosuccmate had been considered to be a 
spontaneous, non-enzymatic reaction (44) How'ever, Evans (1) had suggested 
that the decarboxylation might be enzymatic, cf Moulder et al (138) for the 
complete account of the mvestigation This suggestion was based on observa 
tions made with pigeon hver extract m studies of Reaction 12 

(12) pyruvate 4- citrate — » a-ketoglutarate + carbon dioxide + lactate 

While the pigeon hver extract catalyzed this reaction, similar extracts from 
pigeon breast muscle did not, although the requisite enzymes, lactic and isoatnc 
dehydrogenases together with coenzymes, were present However, wdien a small 
amount of purified pigeon hver extract was added to the muscle system the re- 
action proceeded Moulder et al suggest that the hver preparation might serve 
m the decarboxylation of oxalosuccmate, and that this would explam the ne- 
cessity of Mn’*^' or Mg^ ions for isocitrate oxidation These ions were con 
sidered unusual cofactors for the pyndme nucleotide enzymes, lactic and isomtnc . 
dehydrogenases _ | 

These authors (138) also pomted out the mterestmg fact that Reaction 1 ni ^ 
volves the mteraction of a lactate-pyruvate system which is thought to be coen^ynae ^ 
I specific with an isocitrate-a-keto^utarate system which is thought to be ■ 
enzyme H specific They raise the question of whether or not these enzym 
may not react with both cofactors , , i 

Not only has a specific enzyme for oxalosuccmate been demonstrated 
Ochoa (19) has shown m addition that the reaction is reversible, i e , that cw o 
dioxide combmes with a-ketoglutarate to form oxalosuccmate Since ^ 
carbon dioxide was not used it was necessary to remove the oxalosuccma 


FIXATION OP CAEBON DIOXIDB 


207 


reduoUon to isocitrnte (Reaction 13), in order to shift the reaction toward carbon 
dionde fixation Reaction 13 naa followed by detomuning spcctrometncally 
theTPN,..* 

(13) COOH CH, CH CO COOH + TPN„rf 

iooH 

Oxalosucamc acid 

COOH CH, CH CHOH COOH + TPN« 
ioOH 

Isocitnc acid 

In the presence of the heart ensyme the oialosuccinate for Reaction 13 can bo 
replaced by a-ketoglutamte and carbon dioxide The o-kotogjutarate and car 
bon dioxide combine according to Reaction 11 and the resulting oxalosuccinate 
is reduced to isodtrate The reaction can be shifted still further toward carbon 
dioxide fixation by combining it with a glucose-fi-phosphato dehydrogenaae 
system. TPNrrf is supplied by the glucoee-O-phoephate dehydrogenase system 
(Reaction 14) for reduction of the oxalosuccinate 

(14) glucose-fi-phoephate + TPN 6 phoepho^uconatc + TPNnd 
Ihe net result of the combined systems is the following dismutabon 

(Ua) o-ketoglutarate + COi + glucoee-d-phosphate ■= 

isodtrate + 6 phospho^uconate 

The isocitrato was det ermin ed with isoatno dehydrogenase 

The evidence is thus dear that carbon dioxide combmes with o keto^utarato 
to form oxalosuccinate Smce oxalosuccinate and oxnlacetate are both p keto 
adds and the earboxylation m both cases occurs p to the keto group, the reactions 
have much in common It is possible that further study maj' reveal that ATP 
is a component of the oxalosuconato carboxylase reaction, as it is m the oxalace- 
tate carboxylase reaction It is to bo noted that both reactions are simple 
carboxylations whereas the reaction of acetyl pho^bate with carbon dioxide 
invdves a simultaneous reduction 

Ochoa has pointed out that the equihbrtum of the leoatrate system in the 
presence of acomtaso would be shif ted toward earboxylation of or ketoglutarato, 
hecauso over mnety per cent of the Isocitno acid would be removed to form as 
scomtate and atrate The ucomtase isoatno dohydrogenase-oxalosucanate 
carboijdaso system could then play an important part m the biologicai utUiiation 
of carbon dioxide 

In the Krebs cyde it is usual to consider the reactions as oxidative processes in 
which the DPN,ri is kept at a low concentration and the reactions are shifted 
toward decarboxylation It is evident, however, sinee the reactions are revers 
'Ole, that under smtable conditions the reactions may be shifted toward syn 

* TPK — tripboaphopyridiirt nucleotide. 
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thesis These reactions may then serve m synthesis to supply needed compo- 
nents for maintenance and biochemical reactions of the animal Purthennore, the 
reactions we have just considered pass in steps from C 2 (acetate), to Cj (pyruvate) 
to Ci (oxalacetate), then miss a step C 4 to Ci and then go from C, (a-keto^uta 
rate), to Ce (isocitrate) If the conversion of succmate to a-ketoglutaratewere 
shown to be reversible, a model would then be available for reversal of the Krebs 
cycle, m which isocitrate would be synthesized from a Cj compound and 4 carbon 
dioxide molecules It is clear that reactions gradually are being denved from 
studies with animals and heterotrophic bactena, which may eventually hdp to 
explain the chemistry of photosynthesis 

Summary Three mitial reactions for the fixation of carbon dioxide have been 
demonstrated 

Carboxylation by the oxalacetate /3-carboxylase reaction was first demon 
strated with bactena and has now been shown conclusively with Evans' hver 
preparation ATP is an essential component of the reaction It is probable 
that a high energy denvative of oxalacetate or pyruvate is formed wth which the 
carboxylation occurs 

Fixation of carbon dioxide by C* and Ci addition has been demonstrated m 
bactena The Cj component is almost certainly acetyl phosphate, which con 
denses with formic acid or carbon dioxide and hydrogen A corresponding 
reaction m animal tissue has not been demonstrated as yet 

The carboxylation of a-ketoglutarate to yield oxalosuccinate has recently been 
demonstrated with a specific enzyme from heart muscle There is some evidence 
of a similar eniryme m hver 

Except for one carboxylation, the sjmthesis of a C« compound from acetic aciQ 
and four molecules of carbon dioxide can now be pictured with reversible enzyme 
reactions It is obvious that these studies may help to explam the chemistry 0 
photosynthesis 

Section II Mechanism op fixation of carbon dioxide in diffeeent 
COMPOUNDS Fixation of carbon dioxide has been shown to occur m some i 
different compounds and probably occurs m others For a number of these 
compounds the mechanism of fixation has not been clarified but there is no reason 
to beheve the reactions may not be of considerable biochemical important' 
For others there is a fairly clear concept of the reactions which, for the most ^ > 
are largely based on the same fundamental mechanisms This subject has 
considered m a previous review (2) and will be summarized in detail m this com 
mumcation only in relation to the more recent developments The compoun 
will be considered m the order of mcreasing length of the carbon chain an sinw 
there have been several recent mvestigations on the fixation of carbon oxi 
in acetate and glycogen, these compounds will be discussed in some detail 

Cl compounds Methane The reduction of carbon dioxide to g 

been demonstrated with labeled carbon by Barker et al (45) with nm 
bactena Accordmg to Barker’s views (46), all types of methane fermen 
by bactena may be considered as oxidations m which carbon dioxide acts as 
hydrogen acceptor 
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(16) 4H^ + CO, -♦ 4A + 2H,0 + CH, 

H,A. 13 an oxiduable molecule and A is the oxidation product 
The intennediato compounds of the reduction of carbon dioxide to methane 
are not known (Barker (47)) 

Urta The synthesis of urea by the omithme cycle os proposed by Krebs and 
Henseleit (48) mvolves utibiation of carbon dioxide Proof that carbon dioxide 
la fixed m urea by liver has been shown with CO, (40) and CO, (60) 

Formic aad Woods in 1936 (61) demonstrated that carbon dioxide can be 
reduced by gaseous hydrogen to fomuo aad with E colt This reaction, which is 
catalyied by hydrogenlyase, probably occuie with other bacteria In fermenta 
boas of glucoee by Aerobacter tndologena (5) and by Cl butylicum (30) and m the 
dissunilation of pyruvate by E colt (62), (18), C’O, has been shown to be con 
verted to formate Smee formate can be produced from pyruvate directly with 
mt exchange of carbon dioxide with the formate (63) it is possible m some of these 
fermentations that the C” formate was formed from intermediary C” pyruvate 
However, the above named organisms contam hydrogenlyase and the C* 
formate sometimes contained more C“ than the carboxyls of the pyruvate or 
laotate, so it la reasonably certain that some of the C” formate arose by direct 
reduction 

C, compounds Acetic aad Carbon dioxide is fixed m the carboxyl group of 
acetio aad ariamg m ^ucose fermentations by Aeroiocter tndologma and by Cl 
u'eWm (6) A different type of fixation occurs in the fermentations of unc aad 
by CL ocidt uric, (6) In this case both positions of the produced acetio aad 
contamed fixed carbon and sixty-oeven per cent of the radio-activity was m the 
methyl group and thirty three per cent m the carboxyl group 
Another organism which converts carbon dioxide to acetic aad is Cl Ihtrmo- 
acelicum It ferments glucose (64) and pyruvate or xylose (66) with the forma 
tlon of more than two moles of acetate per mole of carbohydrate and more than 
one mole jier mole of pyruvate This is more acetate than can arise by the or- 
dinary C, and Cl type of deavage through which fermentations have generally 
been considered to occur Barker and Kamen (134) have very recently demon 
strated with this organism that carbon dioxide is Eved in both positions of acetate, 
when giucose is fermented m the presence of C" NojCO, TTio ^ucose was found 
quantitatively converted to acetate, C«HuO, •• 3CHiCOOH The authors 
present evidence that the glucose is dissunilated as foUows 

CJInO, -f 2H,0 - 2CH, COOH + 2CO, -f 8H 
and that the resulting CO, is reduced to acetate 

8H + 2CO, •=■ CH,COOH + 2H,0 

Barker et al (136) have also found that Butyribadcnim rcUgert fixes carbon 
dioxide durmg the fermentation of lactic aad to acetic and butyno aads In the 
presence of CP'O, both carbons of the ncebc aad conWned isotope as well ns all 
“'bons of the butyno and It is suggested that acetic aad is formed by con 
densation of carbon dioxide and evidence is presented that the butync add is 
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formed by condensation of acetic acid These fixations which occur in more tim 
one position of the acetate mvolve apparently, though not necessarily, a carbon 
to carbon linkage m which both components are formed from carbon dioxide It 
IS possible that part of the acetate molecules nught have fixation in the methyl 
group alone and another part of the molecules m the carboxyl group He 
analysis would not detect the difference between this mixture and a material in 
which both the carbons of acetate contamed isotope ' However, Wemnga (136) 
has shown that another species of Clostndnim, Cl acettcum, can reduce carbon 
dioxide to acetate with hydrogen gas m a medium contammg an extract of mud. 
In this case, apparently both carbons m the acetate are formed from morganio 
carbon It therefore seems reasonable that other species of Clostndnim may 
bring about such a synthesis 

A mechanism for these fixations has not been suggested but they are of special 
mterest because of the smulanty to autotrophic symthesis The mechanism may 
be by a cycle mvolvmg repeated addition of carbon dioxide to an orgamc sub- 
stance, foUowmg which acetate is spht off This cycle may mvolve some of 
the primary fixation reactions descnbed m Section I, for example, a reversal of 
the tncarboxyhc acid cycle could give such an acetate 

Slade and Werkman (56) have studied m some detail the mechanism of for 
mation of acetate by Aerobacter m which carbon is fixed exclusively m the carboxyl 
group They suggest that acetate may be formed from succmate by Aerolacier 
accordmg to Reaction 16 The actual components of the reaction may be 
denvatives of acetate and succmate 

(16) Ci’OOH CH, CHj (^‘OOH -f 2H 2CHs C'»OOH 

Evidence of Reaction 16 was obtained by addmg CHs C’®OOH, C^Hs C”00H, 
and C"OOH CH* CHj C‘>OOH to glucose fermentations The succinate 
formed m the fermentations with CBh C^®OOH contamed C*® exclusively m the 
carboxyl groups while that formed with C**OOH contamed equal con 

centrations of m the methylene and carboxyl carbons From the succmate, 
acetate with the only m the carboxyl group was formed 

These conversions could not have resulted from carbon dioxide fixation ^ 
oxidation of tiie C*'-compounds to carbon dioxide, first, because the C*’ concen 
tration of the carbon dioxide was lower than that m the acetate or 
which was formed, and second, because by carbon dioxide fixation the C 
only be m the carboxyl group (5) whereas, when doubly labeled acetate was > 
C?* was found to occur equally m all positions of the succmate It also is appa^ 
ent that the CHjC^’OOH was not converted extensively to acetyl 
then to pyruvate by the phosphoroclastic reaction, for m such a case it wo 
expected that succmate with m the methylene groups would have resul 
the oxalacetate j8-carboxylase fixation and reduction of the resultmg oxalace 

(17) CH, C»0(0P0,H5) + HCOOH CHs C>»0 COOH + H,P04 

(18) CO 2 + CH, C»0 COOH i:; COOH CH, C'»0 COOH - 

— COOH CH, C>‘H, coon 
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Kalmtaky d oZ (63) have obtained somewhat similar results with a oeU free 
ennyme preparation from B colt When pyruvate was fermented by this prep 
aration m the presence of CHjC'*OOH, succinato was formed which contamed 
C" in the carboayl groups Since there was no excess C* in the carbon dioxide 
produced in the dissimilation it is clear that the C’-succinate was not formed by 
fixation of carbon dioxide It appears that this eniyme preparation offers a 
promising opportunity to study this mteresting reaction 

Slade and Werkman consider their results to constitute conclusive proof for 
Beaotlon 16 While their evidence for Reaction 16 is qmte convmcmg, it never 
theless is possible that the changes observed result by some other mechanism. 
For example, m the tncarboiyhc add oyolo (fig. 1, p 212) succinato with labeled 
carbon in the carboxyl group mijdit be formed from carboxy labeled acetate by 
Steps* 19, 6, 6, 7, 8, 10 Also from the doubly labeled acetate, sucemate with the 
isotope in both the methylene and carboxyl groups would result In addition, by 
the reversal of these steps labeled acetate could be formed from succinate At 
the present time there is no evidence for the reversibihty of Step 10 of the cycle, 
Le., succinate to a-ketofdutarate, but likewise there is no direct evidence with 
an isolated ensyme system plus succinate and acetate that Reaction 16 ns such 
is reversible 

The problem is of considerable importance, for it raises ngrun the question of 
whether or not oxidative conversion of pyruvate to carbon dioxide may occur 
according to the older proposal of Thunberg (67) This proposal has for some 
time been dropped from consideration largely because of the lack of evidence for 
Reaction 16 This cycle as shown below starla with two molecules of pyruvate, 
one IS agam regenerated and three molecules of carbon dioxide are formed 

2CH, CO COOH » 2CH, COOH + 2CO, 

-CO, I 

COOH CH, CO COOH < COOH CH, CH, COOH 

animal tissue there has been no evidence of fixation of carbon dioxide in 
acetate and as yet no comparable proof for Reaction 16 

earlier results of Sonderhoff and Thomas (108) should be considered in this 
These results were obtained by isolating succinate and citrate from 
fho products of the oxidation of CD| COOH by yeast The concentration of the 
deuterium in the sucomate and citrate was then dotonnined Since the four 
DiQthylene hydrogens of the six hydrogen linkages of succinate are stable and not 
Kibjccf to exchange with hydrogen, the ratio of deuterium to hydrogen plus 
deutenum would be expected to be 0 67 (4/6), of succinate was fonned by duect 
condensation of CDj COOH. Likewise for citrate m which four out of eight of 

‘Th# IndWiduftl coavtir»Ionf of figure 1 have been numberod and are referred to as 
1, etc on the other hand the converflona which have been illuatmtod in tho text 
proper are deaignated as Heaclhn 1, etc 
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the hydrogens are stable, this ratio would be 0 50 The observed ratios were 
0 27 (40 per cent of the possible 4D) for succinate and 0 28 (56 per cent of the 
possible 4D) for citrate On the assumption that there was some dilution of the 
succinate by endogenous reactions it seemed probable that approximately 2D 
from the acetate were mcoiporated m the succinate and citrate 
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Fig 1 Interrelationships of the tricarboxylic acid cycle and carbohydrate, fat, and 
protein metabolism 
* Malonate inhibition 

Lynen (87) has pomted out that the succinate might be formed via the t^ 
caxboxyhc acid cycle, figure 1 However, he concludes that the symmetri ^ 
citrate molecule could not be an mtermediate for if it were, the succinate 
contam only ID His pomt is clear if one traces the hydrogen atoms on 
methyl of the acetyl compound of figure 1 through Steps 5, 6, 7, 8, 10 In ^ 
these steps the hydrogen of the original methyl group is stable and the 
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ing succumte would therefore oontmn 2D However, if a direct conversion of 
oialacetate and acetate occurred to give citrate with the following formula 

CD, COOH 

COOH CH, ioD COOH 

then upon conversion of citrate to aconitate (Step 21) the deutenum on the 
carbinol group would be lost Furthermore, the deutenum labeled methylene 
group and normal methylene group would be converted equally to the carbonyl 
in oialoouccmate Thus, one halt of the deutenum of the methylene groups of 
atrate would be lost, therefore, there w ould be only ID m the succinate formed 
from the citrate 

There is one pomt, however, that is not accounted for m these considerations, 
LC , how there can be a net production of mtrate and succinate via the cycle with 
acetate as the only substrate The tneaibovyhc acid cycle does not provide for 
this fact In the cycle n C, dicorboxyho acid is required tor the ongmal condensa 
tlon (Step 6) and only by the completion of the cycle is the C, acid regenerated 
It thus becomes necessary to a®ume that enough C, dicarboxyho acids were pro- 
duced m Sondeihoff and Thomas’ experiments to provide for the observed accu 
mulation of citrate and succinate It seems questionable whether the endogenous 
respiration could be the source of this quantity of Ci acids 

Actually the experimental results may be consistent with a mechanism in 
volving formation of sucemate by direct condensation of acetate via Reaction 16 
Ihe succinate formed from CD, COOH by this reaction would contam four D 
but the ultimate concentration of D m the succinate of the reaction mixture would 
depend on the relative rates of several reactions For example, by rovetsible 
conversion of succinate to fumarate. Step 11, the D from the succinate could bo 
rapidly lost Also succinate formed via Step 10 would influence the D content of 
the succinate It is clear that a reliable prediction of the D content of the succi 
nate carmot be made unless the relative rates of the reactions are known 

Furthermore, m the conversion of succinate to oxalacetate by Steps 11, 3, and 
2, three of the hydrogens of the methylene groups of the succinate are removed 
and m addition the fourth hydrogen would m part bo lost via formation of the 
enol of oxalacetate It is thus evident that even though the C, dicarboxyho 
acid were formed from tndeuteroacetate by direct condensation, the atrato 
formed vm Steps 5 and 21 would not be expected to contam much more than 2D 
It IS apparent therefore that the results of Sonderhoff tmd Thomas (108) are not 
in disagreement with formation of sucemate by direct condensation of acetate 
Obviously deuteno labeled acetate is not a satisfactory compound for study of 
this particular problem Further mvcstigation is needed, before the reactions 
can be defined by which yeast forms citrate and succinate from acetate 

C, compoundi Pynmc aad The fixation of carbon dioxide in pyruvate has 
been demonstrated vnth E coh (18) Cl bulyheum (40), and with pigeon hver 
extract (24) The mechanism of these fixations is by the phosphoroclastio re 
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action with the bactenal preparations and probably by oxalacetate jS-carbox 
ylase nith pigeon hver, cf Section I, p 205 

Lactic acid Carbon dioxide fixation in lactate has been demonstrated mtli a 
large number of species of bactena (5), (30) and with pigeon hver (11), (24) 
The lactate presumably is denved from pyTuVate in which fixation occurs by the 
two mechanisms mentioned above 

Propionic acid Carbon dioxide is fixed m propionate dunng fermentations 
of glycerol, glucose or pyruvate by propiomc acid bactena (58), (62) The fixed 
carbon is exclusively in the carboxyl group of the propionate (59), (60) The 
mechamsm of propionate formation is not known but from a consideration of 
the amount of carbon dioxide fixed m the propionate and succinate, it seems 
probable that the propionate is denved from a symmetncal dicarboxyhc acid in 
which only one of the carboxyls is from fixed carbon dioxide This denvation 
accounts for the fact that m glycerol fermentations the propionate carboxyl 
contains roughly one-half as much excess C^® as the carbon dioxide and the same 
per cent as the average of the succinate carboxyls (52), (2) It is necessaiy m 
this scheme to assume that the rates of the reactions are rapid toward succinate 
and propionate, otherwise by reversal of the reactions both carboxyls of the 
symmetncal acid would be m equilibnum with the 

Related to this problem are the results of Barker and Lipmann (61) wilh the 
propiomc acid bactena They found, m confirmation of Chaix-Audermard (62), 
that sodium fluonde inhibits the conversion of lactate to propionate but not of 
pyruvate to propionate In studymg the details of the inhibition it was found 
that the reduction of lactate but not the oxidation of lactate was inhibited by the 
fluonde Moreover, lactate did not accumulate m the fermentation of pyruvate 
in the presence of fluonde This observation was considered as evidence that 
laluote IS not an mtermediate m the reduction of pyruvate to propionate The 
art^lwmg scheme was suggested by Barker and Lipmann to account for their 
clotsfs 


Pyruvate 
A 

-1-2H 


+ 2H 




. X 
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I 2H 

-t- * Propionate 

NaF 


Lactate 

The hyqiothetical mtermediate compound X is not beheved to be aciyhc acid 
It is possible, m view of the C‘^ experiments, that X is a dicarboxyhc acid w 
IS formed by the fixation reaction , 

Propyl alcohol Propyl alcohol contammg fixed carbon is formed m the er 
mentation of glycerol (52) It seems likely that it is formed by reduction o 
propionate which contains fixed carbon ^ 

C 4 compounds Oxalacetic acid The fixation of carbon dioxide m 
has been shown conclusively by Krampitz et al (17) with bactena and by 
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and Wood (26) inth pigeon Uver extract The reaction la catalyred by oxal- 
acetnte ^-carboxylase and is considered in detail in Section I, p 200 
Sueamc aad Bacteria (68), (62), (6), (63), protoxoa (9) and pigeon Uver (11) 
have been shown with labeled carbon to fix carbon dioxide in succinate during the 
dimmila tinn of a variety of substrates It is interesting that the fixation studied 
by Kainitsky ei al (63) was obtained with a cell free preparabon Prior to the 
above invesbgnbon with protoioa (9) Seatle and Reiner (8) had shown that the 
protoioan. Trypanosoma loom, could cause a net uptake of carbon dioxide in 
^ucoee disanmlahons Labeled carbon dioxide was not used in the invesbga 
bon, therefore the fixed carbon could not be located but it very hkdy was fixed 
m Euccmate, since the carbon dioxide assimil ated was equivalent to the succinate 
formed 

All investigators have concluded that the fixnbon of carbon dioxido m succinate 
B by the oxalacetate carboxylase Reacbon 1 and by subsequent reducbon of the 
oxalacetate In every case of fixed carbon dioxide in succinate the fixed carbon 
has been found to bo exclusively in the carboxyl groups. It perhaps should be 
mentioned that m view of Slade and Werkm^’s (66) observation that acebo 
acid may condense to succinate (Reaobon 10), it is conceivable that carbon 
dioxide could be fixed in acetate and then converted to sucomate Succinate 
with fixed carbon might be formed m this case independent of Cj and Cj addition 
Pimmc and maltc acids Fumarate and malate are considered mtermediates 
m the conversion of oxalacetate to succinate and it is to be expected that these 
compounds would contain fixed carbon Nishina et al (63) with radioaobve 
carbon have demonstrated the synthesis of malate and fumarate from pyruvate 
and carbon dionde m fennentabons by E cols Also, Foster el ai (7) with the 
mdd RAuopus mgncans have shown that carbon dioxide is fixed exclusively m 
the carboxyl groups of fumarate Similarly, m pyruvate dissimilations by 
pigeon hver (11), (24), the fixed carbon is m the carboxyl groups of the malate 
and fumarate 

Butyno acid Carbon dioxide is fixed m buljrate by BuiyrCbactenwn reilyen 
(136) (cf acetate above) 

C, compounds a-Ketoglutanc acid The first proof of carbon dioxide fixabon 
in a carbon to carbon li nkag e by animal tissue was Evans and Slohn’a (64) dem 
onstrabon that pigeon Uver when acbng on pyruvate synthesixes o-ketogiutarato 
*nntaiiung carbon from CnOi It was shown by Wood d at (05), (11) and m 
•iependently by Evans and Slotm (66) that the fi.xed carbon was exclusively m 
the carboxyl alpha to the keto groups of this dicarboxyUo acid. The statement 
is incorrect (67) that Evans and Slotm proved this locabon of the fixed carbon 
in their first paper (64) , no discussion concorning the location of the fixed carbon 
or of a degradation of the o-keto^utarate occurs m this report 
Thus for there has been no proof of fixation of carbon dioxide in o-ketoglutarate 
by molds, yeast, protoioa or bacteria , probably because the compound is difficult 
to isolate m dissimilatioDs by these organisms 
The mechanism of fixation of carbon dioxide in a keto^utarato will bo con 
•idered m Beebon HI, p 221, under the trlcarboxyhc acid cycle 
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Ce compounds Oxalosuccinic acid At present there jb but one report (1 
concerning fixation in this compound and it has been considered in detail 
Section I 


Citnc acid Neither isocitrate nor citrate has been isolated as yet from pige 
hver expenments m hich labeled carbon dioxide was used Thus, there is : 
direct proof of fixation m these compounds by pigeon hver, though such is to 
expected according to the tncarboxyhc acid cycle In the expenments of Och 
(19) mth heart muscle preparation, a-ketoglutarate v as converted to isocitrs 
and the isocitrate therefore contamed fixed carbon This experiment was do 
with non-labeled carbon dioxide 

The only direct proof of fixation of carbon dioxide in citrate has been provid 
by Foster et al (7) wuth the mold Aspergillus niger They have shown th 
citnc acid as formed in the fermentation of sucrose contains fixed carbon whi 
apparently is restncted to the carboxyl groups It is suggested that the meet 
nism may be that of the Kxebs cycle 

Glycogen The group of investigators at Harvard has contnbuted very i 
terestmg information on the fixation of carbon dioxide (12), (68), (69) and t 
conversion of lactate (70), (71) and lower fatty acids (72) (acetate, propionai 
but 3 rrate) to glycogen These expenments are especially significant becau 
they w'ere the first m ivhich the tn mvo fixation of carbon dioxide was studi 
with normal animals Likewise, the expenments of Lorber et al (13) with t 
isolated workmg heart give evidence that fixation of carbon dioxide in glycog 
IS a normal process in this organ 

The procedure follow ed m the Harvard fixation experiments was to fast ti 
rats for 24 hours, then to feed 150 mgm of lactate (12) or 300 to 600 mgm 
glucose (68) by stomach tube and to administer radioactive bicarbonate infi 
pentoneally in five doses at haK hour mtervals The glycogen was isolat 


from the hver at the end of the 2 5 hour penod 
The results were quite similar after either lactate or glucose feeding Tl 
glycogen contained 0 3 to 1 5 per cent of the administered radioactive a> 
45 to 75 per cent of the was ehnunated m the expired air An average of 
per cent of the hver glycogen was calculated to have been denved from fix< 
carbon dioxide with lactate and 13 per cent with glucose In the muscle glycog< 
after lactate feeding there was no significant mcorporation of C" With gluco 
there was an appreciable amount, the radioactivity on comparable quantities 


glycogen bemg 10 to 30 per cent of that of the hver glycogen 

The mechamsm proposed by Solomon ei al (12) for the conversion of pyruva 
lactate, etc , to glycogen has been of special interest because it assigned to 
fixation reaction an essential function m glycogen synthesis This function wn 
to circumvent the only step beheved irreversible m glycolysis, i e , the conversit 
of pyruvate to phosphopyruvate (73) This reaction has now been showa to 
reversible by Lardy and Ziegler (74) so that the fixation reaction can no long 
be considered obhgatory on this basis It is still conceivable, of course, ' 
the fixation may m part at least supply the phosphopyruvate for the synthesis 
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Tho mechanism proposed by Solomon el al {or the fixation of carbon dioxide 
m giycogen ivns ns foUoivs 

(19) C*0. + CH, CO COOH C*OOH CH, CO COOH 

(20) C*OOH CH, CO COOH C*OOH CH CH COOH 

(21) C*OOH CH CH COOH -» CH, C(OPO,H,) C*OOH + CO, 

or 

CH, C(OPO,H,) COOH + C*0, 

The net result of these reactions is that pyruvate is phosphorylated and carbon 
dloxuie IS fixed m the carboxyl of the phosphopyruvate The remamder of the 
path to glycogen was \*iewed as the reversal of tho current schemes of glj colysis 
by which two molecules of pyruvate are converted to a molecule of glucose In 
tins conversion tho carboxyla of the pyruvate maLc up tho 3 and 4 positions of 
tic glucose The Harvard group considered that one out of tw o of these carbons, 
on tho average, would contam fixed carbon The fixed carbon in the glycogen, 
thus, should be 16 7 per cent (one m six) This value was approached m the 
Harvard experiments, on tho basis of calculations which included certain assump- 
tions The findmg of approximately this amount of fixed carbon m the glycogen 
mu considered the prmcipal evidence for the scheme However, if the rates of 
Reaettons 19 and 20 wore sufficiently rapid te the left both carbo^ of fumarate 
would be m equilibnum with the carbon dioxide and m this case fixed carbon 
would be m all molecules of tho pyruvate The fixed carbon in the gl> oogen 
would then bo 33^ per cent It seema possible that the observation of approx 
*ffl*tcly 10 per cent fixation may have resulted from fortuitous cuoumstances 

Wood rt oL (76) have recently conducted some further sUidies on the fixation 
of carbon dioxide in glycogem They determined the position of tho fixed carbon 
m the glucose unit of the glycogen. The goneml procedure of treatment of the 
was similar to that of tho Horvard o-xperunents, except that C?'-bicar 
was used The liver glycogen was isolated and then converted to t^ucose 
which was then degraded so that the posiUon of the heavy carbon m the glucose 
mold be detennmed 

Two different types of degradation were used In the first the ^ucose was 
fermented to lactate by lactic acid bactena. The lactate was then oxidited with 
P'm'anganate to acetaldehyde and carbon dioxide, and tho acotnldehyde was 
™rtber degraded to iodoform and formic ncid As mdicated in the equations, 
‘M carbon dioxide is from positions 3 and 4 of the glucose, the iodoform from 
G, aiuj the formic acid from 2 and 6 


CHOH OHOH C“H0H C’HOH CH CH,OH 
1 ‘ ‘ I* • 


2CH, CHOH Ci'OOH 


CH, CHOH C^OOH 


CH, CHO + C’O 
3,4 


( 24 ) 



CHI, -f- HCOOH 
1,0 2,6 
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In the second method of degradation the glucose was converted to methyl 
glucoside and the latter was oxidized with penodic acid 

HIO< 

Room temerature 


(26) CHCOCHs) CHOH C«HOH C“HOH CH CHjOH 


CH(OCH,) CHO 


- 0 - 


(26) CH(0CH3) CHO 

I ^ 0- 


- 0 - 


C“HO CH CH 2 OH + HC"OOH 
I 3 


mOi 


C“HO CH CH30H+ „ , 

I ’ Bouiub temperature 


4HC00H + ECHO + CH.OH 

1,2, 4, 6 6 

The formic acid from the first oxidation at room temperature is from position 
3 and the formaldehyde of the oxidation at bofimg temperature is from position 6 
The combmed results from these two degradations established that the fixed 
carbon was m positions 3 and 4 of the glucose and that as nearly as could be 
judged by the methods, the concentration was the same m the two positions 
The latter measurement mvolved technical diflBculties which made it subject to 
considerable error 

Clearly these findmgs are m full agreement with the scheme proposed by the 
Harvard Group However, it is apparent that whether the fixation is essential 
or not, the distnbution of the fixed carbon m the glycogen mav be the same la 
other words, Reactions 19 and 20 may occur and mtroduce carbon dioxide in 
pjiruvate but these reactions may have no function m the formation of phos 
phopyxuvate All of the phosphopyruvate may actually be formed by direct 
phosphorylation with adenosme tnphosphate as shown by Lardy and Ziegler (74) 
It should be noted that the shift of the hydroxyl m enol-oxalacetate does not 
occur spontaneously (17) (cf Section I, p 201) and this can no longer be con 
sidered a mechanism for the formation of the labeled pyruvate from oxalacetate 
It also should be borne m mmd that the carbon dioxide may be fixed by Cj and Ci 
additions (Section I) and thus give rise to carboxyl labeled pyruvate and a sunilar 
type of glycogen ^ 

There is an mterestmg possibihty for checking whether or not the fixation 0 
carbon dioxide in glycogen mvolves a sjonmetncal dicarboxyhc acid It mvolves 
the feedmg of a carbonyl or methyl labeled pyruvate If the carbon dioxide is 
fixed m pyruvate by Reactions 19 and 20, then from these types of pyruvate 
would be formed a pyruvate with labeled carbon m both the methyl and carbonj^ 
positions and this compound would give nse to glucose labeled m positions 1, 1 
and 6 On the other hand, if the fixation of carbon dioxide was by direct ex 
change m the carboxyl of pyruvate, and the carbonyl labeled pyruvate were use , 
the glucose would be labeled m positions 2 and 5 A result such as this, or one m 
which the concentration ivas greater in the 2 and 5 than the 1 and 6 positions, 
w ould be direct proof that some pyruvate was converted to glycogen wi 
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passing through a Byimnetncal molecule However, even if the results showed 
that carbon diovide fixation occurred by formation of a symnaotncal molecule 
it would not prove that the reaction promoted phosphopyTU\ ate formation 

It IS noteworthj that the labeled carbon was not randonuied between positions 
1 and 3, or 4 and G of the glucose in either the animal conversion to glycogen or 
m the bacterial degradation of the glucose Thus, at no pomt m glycolysis was 
there formed a symmetrical molecule such as dihydroxyacetone This fact is 
evident, for if such a compound occurred as an mtermediato the orientation of 
the carboxjl carbon would be lost during the ^ycolysis and the fixed carbon 
would no longer bo confined to only the 3 and 4 positions This fact proves that 
there was no substantial dephosphorylation of dibydroxyacetone phosphate and 
subsequent fermentation of the unphoephorylated compound nor was there 
ahiftmg of phosphate 

A problem, which m an mdireot way is related to carbon dioiido fixation, is the 
conversion of lower fatty acida to glycogen In this conversion the question 
arises whether the acid is changed directly to glycogen or whether the labeled 
carbon is meorporated m the ^ycogen by carbon dioxide fixation after oxidation 
of the acid Buchanan et al (72) have investigated this problem with carboxyl 
labeled acetate, propionate, and butyrate fed m conjunction with glucose The 
radioactivity of the liver glycogen and of the expired carbon dioxido was de- 
termined, and on the basis of certain assumptions, the radioactivity of the 
glycogen, which was due to carbon dioxide fixation, was calculated In the case of 
propionato and butyrate a considerable proportion of the acids were estimated to 
have entered the glycogen in a form other than carbon dioxide On the other 
hand, with acetate the total radioactivity of the glycogen wns accounted for by 
fixation of the radioactive carbon dioxide derived from the acetate 

This problem has been mvestiga ted further by Lorber d ol (76) The reason 
mg followed m their experiments was that any carbon which enters glycogen as 
carbon dioxide will be in the 3 and 4 positions and if labeled carbon is found m 
other positions of the glycogen, it establishes that the compound entered m a 
form other than carbon dioxide They have conducted oxpenmente foUowmg 
the procedure of Buchanan d al (72) with the foDowmg types of acids CHj C‘* 
OOH, C»H, C>OOH, CHi CHj OKX)H and CH, CH, CH, CKWH Ths 
degmdabon procedures of Reactions 22 through 26 were used. It was found 
that with all three of the carboxyl labeled acids the labeled carbon was m positions 
3 and 4 of the glucose of the glycogen On the contrary, with the acetate which 
was labeled in both poeibons, the O'* was not exclusively m the 3 and 4 poeHions 
fiut apparently was m all the positions of the glucose This latter result is 
interpreted by these mvesbgators as conclusive proof that at least o port qf the 
ncotato molecule enters glycogen m a form other than carbon dioxide This 
nonsbtutes the first direct evidence that acetate can bo converted to glj cogen 
Wth regard to the findmgs with the three carboxyl labeled acids, the fact that 
the tagged carbon was only m the 3 and 4 posltioiis wns not considered evidence 
that this carboh entered the glycogen only In the form of carbon dioxide The 
nalculationa of Buchanan rt of (72) mdlcato that at least part of tho butyrate 
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and propionate carboxyls are not deposited as carbon dioxide This fact, to- 
gether ivith the direct demonstration with the doubly labeled acetate (76) that 
acetate is converted to glycogen, makes it seem probable that propionate and 
but 3 aate may likewise be transformed to glycogen by a mechanism m addition 
to that of carbon dioxide fixation However, a more direct proof is to be desired 
A consideration of the mechanism by which these acids are converted to glyco- 
gen will be presented m the next section, p 229, winch deals with the tncar 
boxyhc acid cycle 

With regard to the calculation by Buchanan ef al (72) of the amount of carbon 
dioxide fixed, it seems probable that whether or not a carboxyl labeled compound 
will be estimated to enter entirely by carbon dioxide fixation will depend on the 
rate of conversion of the compound to glycogen For example, if carboxyl 
labeled pyruvate was fed and the rates of Reactions 19 and 20 were rapid as 
compared to the rates of conversion of pyruvate to glycogen, the carboxyl of 
the pyruvate would come to equihbnum with the carbon dioxide and the calcu 
lations would mdicate all of the pyruvate entered by carbon dioxide utilization 
Thus, with different carboxyl labeled compounds the proportion, which the calcu 
lation would give as entermg by carbon dioxide fixation, would depend, m part at 
least, on the extent conditions were established so that there was httle equilibra 
tion of the carboxyls ivith carbon dioxide 

Umdenitfied compounds In the experiments by Solomon d al (12) only 61 per 
cent of the NaHC^Oj injected m rats was accounted for m expned C“0j, unab- 
sorbed NaHC“ 03 , urme, bone, hver glycogen and body flmds The soft tissue 
could not be analyzed and the investigators beheve that a large portion of the 
injected C“ was present m it m organic combination The results of SwenseiQ 
(77) are at vanance with these results She could find no evidence of such a 
substantial fixation of carbon dioxide m mice 

Evans and Slotm (10) found in their experiments with pigeon hver actmg 0“ 
pyrruvate that part of the fixed carbon was hberated by chloramme— T 'Ri'® 
carbon is beheved to have been fixed m the carboxyl groups of ammo acids 
Barker et al (45) have obtamed evidence that the methane bactena fix carbon 
dioxide m protoplasm and Foster d al (7) have obtamed similar evidence m 
molds 

Summary Carbon dioxide has thus far been showm to be fixed m methane, 
urea, formate, acetate, pyruvate, lactate, propionate, propyl alcohol, oxalaceta 
succmate, fumarate, malate, butyrate a-ketoglutarate, oxalosuccinate, 
glycogen and some as yet umdentified compounds The mechanisms o 
fixation of carbon dioxide m these compounds is considered m relation to 
three known primary fixation reactions , 

The formation of acetate and butyrrate with all carbons containmg fixed ^ ° 
has been demonstrated xvith bactena This findmg is of special mterest beca ^ 
of its similanty to autotrophic synthesis of compounds from carbon dioxi ® ° ^ 
The fixation of carbon dioxide m the carboxyl group of acetate by Aero , 
may take place via reductive cleavage of succmate Considerable evidence 
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been presented indicating there 13 reversal of this reaction, 1 c , synthesis of sue 
anate from acetate 

It has been demonstrated that carbon dioxide is fixed m rat liver cogen in 
the 3 and 4 positions of the glucose umt By apphcation of this findmg to ace 
tate metabolism it has been shown that acetate is converted to rat liver glycogen 
In a form other than ns carbon dioxide 

Section m The THitAimoxTLia actd or kheiis’ cycle The tnearboxyhe 
add cycle is the only mechanism which has received widespread consideration 
as an explanation of the chemical reactions mvolved m biological oxidation yield- 
ing carbon dioxide and water This cycle was first proposed as a result of studies 
on the oxidation of pyruvate by pigeon breast muscle (78) but has gradually 
grown in stature until it is noiv rcceivmg mcrcasmg attention as a general mecha 
nlsm for the oxidation of carbohj-dratea, fats, and protems by the ammnl body 
In this broad function of the cyde it is assumed that m part, at least, each of these 
tj'pca of substances may give rise to a common mtermcdiate (e^ , pyru\ ate or an 
acetyl group) which is subject to oxidation m the cycle 

The cycle is considered of general occurrence smee m modified forms it has 
been suggested to apply not only to pigeon breast musdo (78), (79) but to hver 
(80), (81), (2), heart (82), kidney (83) (84), (86), (86) and yeast (87) 

Etaluation of the experimental bam of the tcheme The eviclcnce and expen 
mental proof for the tnearboxyhe acid or Krebs’ cycle has been renewed by 
Krebs (42), Evans (1), and Workman and Wood (2) Therefore only the prmci 
pal observations which hai e been used m support of the scheme will be cited and 
the steps m the cycle where the ondence is considered mcomplete will bo in- 
dicated 

Krebs (42) has pomted out that four observations led to the onginal hypothesis 
of the cycle in pigeon breast musde 

1 The catalytic effect of citrate on respiration 

2 The synthesis of citrate from oxalacetnte 

3 The rapid oxidation of citrate, isoatrate, cis acomtato and a-ketoglutarato 

4 The oxidative formation of succinnle m the presence of malonate usmg 
fumarate or oxalacctate as substrates This fact proved that there are two 
mechanisms for formation of sucoinate smcc formation by direct reduction via 
Steps' 2, 3, and 11 of figure I, p 212 IS inhibited bi malonate 

Tbo obecrvations listed aboi c occur uith both pigeon brenst muscle (79) or 
Ever (80) To the above points may bo added Iho following for pigeon liver, 
fhey apparently are characteristic of h\cr and not of musclo because the li\er 
^ syntbcsixe dicarboxylic acids b3 carbon dioxide fixation (10), (11) (81) 

6 The synthesis of citrate and a kctoglutarato from pyru\Tite (80) 

C The formation of a kctoglutarato with fixed carbon cxdtisi\'cJi in the 
carboxjl adjacent to the carbonyl group and of succinate contaimng httlc 

*Th« individual convpraioMof figure 1 have been numbered ami arc referred toaa Step 1 
4^ other hand the convcrtloDS which have been illualratcd in tliMcxt proper nrc 

hetigu*i^ a« Reaction 1 etc 
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or no fixed carbon from pyruvate and labeled carbon dioxide by pigeon 
hver homogenate m the presence of malonate (11), (10) 

In addition there has recently been added evidence that the cycle functions 
m the oxidation of acetoacetate by kidney and acetate by yeast The following 
are pertment pomts from these mvestigations 

7 Citrate is formed from acetoacetate and oxalacetate by kidney (83), (84), 
(86), and from acetate and oxalacetate by yeast*(87) 

8 C“-a-ketoglutarate is formed m oxidations by kidney to which C‘*-aceto- 
acetate (85 or C*’-acetate (85) (88) is added and C^'-aspartate and gluta 
mate are formed by the mtact animal to which C**-acetate is fed (89) The 
latter two compounds are important m considerations of the cycle since they 
are considered to be m biological eqmhbnum with oxalacetate and a-keto- 
glutarate respectively 

Whether these observations which have been obtamed with different tissues 
and xmder different conditions are aU the result of a similar cycle, as has been 
suggested, cannot be defimtely answered at present It is conceivable that the 
scheme apphes only m part to certam tissues and also that tissues have more 
than one mechanism for oxidation to carbon dioxide 

The oxidation of pyruvate will serve to illustrate the general mechanism o( 
the cycle, figure 1 The pyruvate is oxidized by Step 4 to carbon dioxide and 
an acetyl group, the acetyl group then urntcs with oxalacetate in Step 6 to form 
acomtate Acomtate is converted to isocitrate by Step 6 and it m turn is oxidised 
to oxalosuccinate m Step 7 The oxalosuccmate is decarboxylated yielding 
a-keto^utarate m Step 8 and this compound is m turn oxidized to succinate m 
Step 10 The succmate is successively oxidized to fumarate, converted to malate 
and then oxidized to oxalacetate m Steps 11, 3, and 2 The net result of tto 
senes of changes is the oxidation of one molecule of pyruvate to carbon diontie 
and water and the regeneration of a molecule of oxalacetate which can aga® 
function m the cycle 

The prmcipal modification m the oyde, from its onginal form, has been 
place citrate m a side reaction It became apparent that citrate was not on 
direct path of the cycle^ when it was found that a-ketoglutarate, which contain 
fixed Carbon m only one carboxyl group (11); (10), was formed by pigeon hv^ 
This observation excluded citrate as a member of the cycle, because 
^utarate as formed from citrate would contam fixed carbon equally m bo 
carboxyls of the ketoglutarate and not m just one carboxyl Such a distnbubon 
IS obhgatoiy from citrate because of the symmetncal nature of the mole e 
Lakewise, more recent observations have indicated that citrate is not a eompo^ 
of the cycle m oxidation by other tissues These results will be conside 


detail m subsequent discussions of the experiments , 

The modified tncarboxyhc acid cycle presented m figure 1 satisfactorily 
all the requirements of the eight experimental pomts which have been listed a o 
and it can be used as a basis for explanation of many other observations on car 


hydrate, fat and protem metabolism 

The two experimental observations which have had the greatest wei^ ^ 
development of the scheme were numbers 4 and 6 These pomts were 
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the function of mnlonate as an inhibitor for the reductive formation of succinato 
frtmi fumamto m Step 11 Krebs has postulated the tncarboxyhc oyole via 
Steps 6, 6, 7, 8 and 10 as the malonato insensitivo mochanisia of formation of 
Bucciuate and considers this mechanism part of the normal oxidative process 
That the inhibition of malonato is effective was shown m the experiments of 
Wood d of. (11) with pigeon hver actmg on pyruvate and NnHCKh When 
malonato was present succmato was formed which contained no excess C“ 
although m the same reaction fumaiato and malato occurred containing excess 
C“ Thus m this case it is apparent that the succmato did not arise from the 
fumaratc. When malonato was not added the dicarboxyilc acids all contained 
about the same amount of C“, indicatmg that in the absence of the inhibitor 
the dicarboiyho acida were reveiaibly mtereonvertible, the C’-succinate ansing 
by reduction of fumarate, Step 11 There is, therefore, clear evidence of Krebs’ 
contention (79) that there are two merhanisms for formation of succinate, one 
which is not inhibited by malonato and another which is inhibited. 

The ongm of a ketoglutarate via tncarboxyhc acids and the evidence of the 
rile of the tncaiboxyho acids m the cycle has largely been based on the following 
of the above listed pomts Pomt 1, tho catalytio effect of atrato, Point 8, the 
rapid oxidation of tncarboxyhc acids to of-keto^utarate and succinate, and 
Prints 2 and 6, tho synthesis of citrate and o-ketogjutarato from pyruvate or 
oxalacetate These results defimtely suggest that the tricarboiyho acids may 
function as mtermediates but they do not establish that they are an eswntinl 
part of tho mechanism 

Tho posmbihty of Boatrate not bemg on tho mam path of oxidation but being 
fonned as a side reaction is colled to attention by the results of Ochoa (19) who 
has shown that o-kotoglutarate can be converted by carbon dioxide fixation to 
isodtrate (cf Section 1, p 206) Thus, when o-ketogiutarate accumulates, iso- 
I citrate would also tend to accumulate and the formation of tncarboxylio acids 
can bo accounted for Likewise the rapid oxidation of these compounds can 
occur by reversal of the reactions studied by Ochoa- 

The key to the problem of pyruvate oxidation scorns to rest on delorminmg 
i Ihe mechanism of formation of o-ketoglutarate In tho case of pyruvate oiida 
I don by pigeon hver there is an additional fact that comes mto consideration, 
i that 13 , that tho o-ketoglutarato contains fixed carbon only m tho carboxyl adja 
t cent to the carbonyl group 

A speculatfvo mechanism which would yield o-ketoglutaiato with fixed carbon 
1 in tho proper position would be Reaction 27 involving pyruvate m which C“Oi 
I has been fixed m the carboxyl group 

(27) CH, COOH + CH, CO C«OOH-^COOH CH, CHj CO C»OOH 

' This reaetton has been poetulatcd for animal tismio but never proved to occur 
i™) It IS conceivable that a reaction such as this could occur m U'\’cr in which 
neavy carbon pyruvate was formed via the oxalacetate ^-carboxylaao reaction 
acetic aad or some denvatn'O was termed by oxidation of pyruvate or fat 
^ f ^ would not occur and Reaction 27 would servo ns n pathway 

I 0 o-kotoglutarato The oxidation of pyravate might then be by conversion of 


224 


HAKIAND G WOOD 


one molecule of pyruvate to acetate, Avhich would in turn umte with a second 
molecule of pyruvate and form a-ketoglutarate The remamder of the oxidation 
would be Steps 10, 11, 3, 2, 1 The net results would therefore be that from two 
molecules of pyruvate three molecules of carbon dioxide v ould be formed and 
one molecule of pyruvate would be regenerated If such an oxidation occurred, 
the requirements of the above listed observations could be accounted for as fol 
low's w'lthout recourse to tricarboxylic acids as the mam path of oxidation 
Pomts 2, 3, and 5, i e , formation and rapid utihzation of tncarboxyhc acids, 
could take place by the oxalosuccmate carboxylase reaction Pomt 6, formation 
of succinate m the presence of malonate, could be readily explamed, smce Krebs 
has shown that oxidation of a-ketoglutarate to succmate is not inhibited by 
malonate The resultmg succmate would contam no fixed carbon smce the 
fixed carbon of the a-ketoglutarate would be spht out m the oxidation Pomt 1, 
the catalytic effect of citrate on respiration might result because of the formation 
of Ci dicarboxyhc acids from the citrate by Steps 21, 6, 7, 8, 10, etc The dehy- 
drogenation of malate to oxalacetate is one of the most rapid reactions known 
for tissue and thus formation of a C4 dicarboxyhc acid might catalyze respiration 
by providmg a hydrogen carrier (cf Szent-Gy6rgyi (91)) 

It IS evident that m this scheme whenever citrate or isocitrate is formed there 
should be fixed carbon m these compounds With pigeon breast muscle, how 
ever, only a small amount of carbon dioxide has been observed fixed (1), 
apparently Reaction 1 does not occur Fixation by oxalosuccmate carboxylase, 
Step 8, may occur nevertheless, for it would not be expected that there would be 
a large net uptake of carbon dioxide’by this reaction, smce the amount of citrate 
and isocitrate which accumulates m the oxidation is small It is to be noted 
that the oxalosuccmate carboxylase reaction is an essential step m the tn 
carboxyhc acid cycle itself, so even by this cycle carbon dioxide fixation is to be 


expected by pigeon breast muscle 

It 18 clear that the above comments concemmg a-ketoglutarate synthesis 
purely speculative The discussion is mtended only as an illustration of the 
development and basis of the cycle and to pomt out that in some respects it is 
tentative It serves to emphasize the pomt of greatest experimental weakness in 
the I&ebs cycle, 1 e , the mitial condensation Thus far there is no direct proo 
that the tncarboxyhc acids are formed by condensation of C3 or Ci and C4 co® 
pounds and especially that this step is essential m oxidation Such proof 
require a study of the isolated reaction and elimination of the possibility of sya 


thesis of isocitrate from a-ketoglutarate by carbon dioxide fixation 

The recent results of Wemhouse ei al (88) serve to emphasize the uncertain^ 
regardmg the mitial condensation These authors find, when carboxyl la e 
acetate is oxidized by kidney slice m the presence of citrate, cis-aconitate, 0 
a-ketoglutarate, that isotopic carbon is mcorporated m the a-ketoglutarate u 
not m the citrate This latter result was obtamed when the citrate was a ^ 
such, or when acomtate was added and the citrate formed from aconitate w ^ 
isolated Wemhouse ei al (88) have concluded that citrate, isocitrate, aa 
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aconitate are not m the direct path of acetate oxidation by kidnej They 
BUggcfit the possibilities (a) that the tncarboiyhc acid may be a phosphorj lated 
dem ative not m equilibnuin with the parent substance, (b) that dchj drogenatmg 
coupling between oialacetate and acetate might yield oxalosuccinato directly, 
(c) that acetate may couple with pyruvate directly to yield a ketoglutarato w ith 
out intervention of tncarboxyhc acids 

It IS clear that these results are a senoue challenge to the occurrence of tn 
carboxyhc adds as intermediates m the cycle In the author’s oplmon the 
results would bo more convincing if aconitate or isocitmte as such v\ ere isolated 
It has been generally accepted that citrate is not an mtermediate in the tn 
carboxjho acid cycle (10), (11), therefore it is questionable if this substance 
should be used as representabve of the tncarboxyllc acids It is conceivable 
that the cis aconitate, when added m high concentration, is rapidly converted to 
citrate and that subsequently the interconvereions are not favorable for mcor- 
poration of C'*-acetate into the citrate 


The tncarboxyhc acid cycle is the most complete explanation that has been 
given of biological oxidation up to the present date, and so far, with only minor 
modification, it has proved adaptable to all new developments The scheme, 
therefore, should form a basis for future studies and can be modified to fit develop- 
ments as they arise 

The remaining portion of this Section will be limited to a discussion of the cycle 
in relation to its apphcation to spemfio problems and mvestigations 

The tnaaboxyhe aad q/de and oxidation of carbohydrate. In the scheme pre- 
sented m figure 1 on attempt is made to give an mtegrated picture of tbo mter- 
relationships of carbohydrate, fat and protein metabolism The scheme, of 
course, is higjdy speculative and leaves many questions untouched Neverthe- 
less, a purpose is served m that it emphasiics an idea that is becoming mcreas- 
Wj apparent, that is, that fat, protem and carbohydrate metabolism have nmny 
pomts in common in the form of identical mtermediate products (of Krebs (42)) 
Through these intermedmtes, mteroonversion of fats, carbohydrates and proteins 
may occur, and llewise throu^ them oxidation may occur, in part at least, by 
'*'entially the same mechanisms The "switch” from carbohydrate to fat oxida- 
tion, which IS frequently spoken of, probably docs not represent a major shift m 
mechanism but rather a change which is manifested through the some mechanism 
mid may bo produced by the differences in the degree of oxidation of the different 
substrates — carbohydrates as compared to fats For example, carbohj drates 
snd fats may both gjve nso to acetyl groups via Steps 4 and 18 and tbo acetyl 
Pwp ansing from either substrate may bo oxidmid by an identical mechanism 
Tbo fact that acetone bodies ore formed from fat docs not necessarily imply that 
there has been a switch m the fundamental mechanism of oxidation but rather it 


teay implj that acetone bodies are formed from fat faster than they ore broken 
own. This may occur because the rate of formation of acetyl groups from fat 
|My bo more rapid than is the oxidation via the cycle and the acetyl groups are 
crefore converted to acetone bodies Likewise a respiratory quotient of 1 0 
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probably does not indicate that fat is not turning over and is not contnbutmg 
to the oxidation product CO 2 but rather, it indicates that the net metabolism is 
equivalent to carbohydrate oxidation 
In considering the experimental basis for the cycle, some consideration already 
has been given to carbohydrate, 1 e , pyruvate oxidation For the present pur 
pose it ivill be sufficient to consider the scheme only m relation to the isotope 
studies with labeled carbon dioxide These mvestigations have, so far, been 
done almost entirely with pigeon hver, fixation by other animal organs, except 
heart (13), (19) has not been demonstrated With pigeon hver actmg on pyru 
vate, carbon dioxide is fixed m a-ketoglutarate (10), (11) and m the carboxyls 
of malate, fumarate, succinate and lactate (11) 

In the cycle (fig 1 ) startmg ivith the conversion of pyonvate to oxalacetate by 
oxaJacetate carboxylase (Step 1) the labeled carbon dioxide is fixed in the car- 
boxyl adjacent to the methylene group of oxalacetate By the reversible conver 
sion of oxalacetate to fumarate. Steps 2 and 3, fixed carbon dioxide is distnbuted 


m both carboxyls of these Q dicarboxyhc acids If malonate is not present to 
inhibit the conversion of fumarate to succinate, the fixed carbon is likewise dis- 
tnbuted m the succinate The carboxyls marked “b” represent carboxyls which 


contam fixed carbon and if the rates of the reactions are adequate these carboxyls 
arg m equihbnum with the carbon dioxide The reversible conversion of oxal 
acetate to pyruvate and its reduction to lactate (Step 16) accounts for fixabon 
in this compound Likewise by the reversible reactions, the a and )3 carboM 
of the pyruvate lose their onentation m oxalacetate, and the carbons marked “a 
theoretically represent the average of these two carbons This latter point has 


not been checked as yet with an isotope tracer of these carbons 

Because there is some evidence m fatty acid oxidation that a Cj compound 
enters the cycle (85), (88), (89) the pnmary condensation reaction. Step 6, u 
pictured as C 2 and Ct addition to acomtatc The C 2 compound, which may be 
acetyl phosphate, is considered formed from pyruvate and fat by oxidation 
KreBs (92) has presented evidence that little exchange is to be expected be- 
tween citrate and acomtate with pigeon hver because the rate of equihbration 
between citrate and cis-acomtate (Step 21) is slow as compared to the rapid ^ 
of conversion of cis-acomtate to a-ketoglutarate This observation is belie 
to account for the findmg of substantially aU the fixed carbon m only one 
of the a-ketoglutarate (10), (11) If Step 21 was rapid all three carboxyls oi e 
tncarboxyhc acid would contam fixed carbon and the a-ketoglutarate form 


Step 8 would have fixed carbon in both carboxyls . 

It IS mterestmg that the discovery of fixation of carbon dioxide by the 0 
succmate carboxylase reaction (Step 8) has not necessitated revision of any 1 ^ 
on the cycle or mvahdated any previous conclusions It can be seen that 0 P 
to the left inserts carbon dioxide mto a carboxyl position, which already g 
fixed carbon by virtue of the pnmary fixation (Step 1) and equilibna, S ep 
and 3, and the additional. Steps 5, 6, and 7 The fixation by 
does not change the distribution of fixed carbon, except insofar as t e ^ 
may have been madequate to equilibrate the carboxyls mth carbon 1 
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The crrfdatloii of a ketoglutonito to sucomate, Stop 10, eliminates the second 
“b” carboxyl and therefore the sucomate formed from this compound contama 
no fixed carbon 

It is to be noted that the regenerated oxalaoetate does not have fixed carbon 
introduced into its methylene and carboxyl groups Therefore, repetition of the 
cycle cannot cause a new distribution of the fixed carbon in the components of 
the cycle. The cycle, thus, accounts for the knmvn facts about the location of 
fixed carbon m components of the cycle 

No mention has been made m this discussion of the cycle about the occurrence 
of phoephoiylated compounds There is no defimte information available on 
this subject although there Is evidence that phosphoiylation may occur A phos- 
phoiylated compound may be formed in the oxalacetate jB^iarboxylase reaction, 
smee ATP is a component of the system (25) The conversion of pyruvate. 
Step 4, may mvolve the formation of acetyl phosphate (33) but this reaction has 
not been verified with anunal tissue Furthermore, Ochoa (93) has found that 
in the oxidation of pyruvate to carbon dioxide by heart muscle extract, three 
atoms of phosphate are cstenfied per atom of oxygen utihied The estenfied 
phosphate 'was detected as ATP or hexosomonophosphate This esterification 
IS equivalent to fifteen atoms of phosphate per molecule of pyruvate The same 
ratio of phosphate cstenfied to oxygen utlUied has been observed by Ochoa (94) 
m the oxidation of the o-ketoglutarate to succinate In the oxidation of sue 
ornate to fumarate the ratio is less and not more than one molecule of phosphate 
is estenfied per atom of oxygen (96) The oxidation of mnlate to oxalacetate 
likBwise causes phosphate uptake (90) 

While there is little question that phosphate may be estenfied in the oxidations 
of the cyde, there is little known about the mechanisms Although part of the 
phosphate may enter Into esterification with the components of the cycle dunng 
their dehydrogenation, it is not likely that more than a part of the phosphate is 
used for this direct phosphorylation of the substrate No mechanism is known 
for such a largo utihiation of phosphate by this means Part of the phosphate is 
prcbably used during the mtermediate steps of transfer of the hydrogen to 
oxygen (93) 

The mechanism of hydrogen transfer m the cycle has been studied by Krebs 
(97), (42) He has concluded that poesibly all but one pair of the hydrogens 
pass through malate by the hydrogen earner cycle of SienMjyOrgyi (91) How- 
ewer, Ochoa (94) has now studied the one step concemmg which Krebs was m 
doubt, Le , the oxidation of o-ketoglutornte to auccuuite and has shown that the 
Ci dicarboxyho acids are not mvolved m this oxidation Therefore, it seems 
probable that onlj four pairs of hydrogen can be transferred by the malato- 
'““iacetate system m the tncarboxyhc aad cycle 

In view of Ochoa’s discovery of a now fixation reaction m the cycle it is mterest- 
1^ to consider whether fixation may occur m any of the other reactions It will 
two Steps, 1 and 8, of the tour decarboxylations have been shown 
itm animal tissue On the other hand. Steps 4 and 10, the oxida- 

of pyruvate to a Ct compound and of a-ketoglutarate to auccinato have not 
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There is some indirect though not conclusive evidence that these reactions are 
not reversible In the experiments of Wood et al (11) wth pigeon hver, suc- 
cmate was formed ivhich contamed excess C** in the carboxyl groups If Step 10 
were reversible and a-ketoglutarate nere formed from succmate, the excess C“ 
of the succmate ivould be incorporated m the a-ketoglutarate This conversion 
apparently did not occur because there was excess C'* present m only the one 
carboxyl group, none bemg present m those carbons that would be denved from 
the succinate Apparently if the reaction is reversible the rate was too slow to be 
detected under the conditions of this test 
The determination of the irreversibility of Step 4 is not direct and is not nearly 
as conclusive In the expenments of Lorber et al (76) m which CHa C“OOH 
was fed to rats the excess C^* was found exclusively in the 3 and 4 poations of the 
glucose umt of the hver glycogen However, if Step 4 were reversible, it would 
be expected that pyruvate would result with excess C” m the carbonyl group 
If this compound w’ere converted to glycogen, this excess would be incor 
porated m the 1, 6 and 2, 5 positions of the glucose (cf Section II, p 218) 
Actually the dilution of the labeled carbon is so great m these expenments that 
the sensitivity of the test is low There was a consistent shght excess of C“ m 
the 1, 6, 2, 5 positions of the glucose from these expenments, but it was less than 
the experimental error of the methods and was therefore not held to be sigmficant 
If Step 4 IS reversible, it seems from these results that the rate must be quite 
slow as compared to the mcorporation of the labeled carbon mto the 3 and 4 pis 
tions The concentration of C” m these positions was defimtely agmficant 
The tricarboxylic acid cycle and glycogen synthesis The problem of glycogen 
synthesis and fixation of carbon dioxide has been considered In Section II, p 216 
and at this pomt the discussion can be hnuted to a consideration of the apphca 


tion of the findmgs to the tncarboxyhc acid cycle 

With regard to the fixation of carbon dioxide m the 3 and 4 positions of glucose, 
it IS evident that if Steps 1, 2 and 3 are reversible then pyruvate contaim^ 
fixed carbon will be formed It seems probable that part of this pyruvate wili 
be converted directly to glycogen by reversal of glycolysis through Steps 16, 13( 
and 14 However, part of the pyruvate probably enters the glycogen after going 
through the tncarboxyhc acid cycle Since the dicarboxyhc acids which are 
formed from a-ketoglutarate contain no fixed carbon, this mechanism would no 


provide any fixation of carbon dioxide m the glycogen 

Whether the C< dicarboxyhc acids are m part converted to phosphopyruvate y 
some mechanism other than conversion to pyruvate and phosphorylation o 
pyruvate with ATP (74) is not certam Because Step 15 was beheved to 
irreversible (73), considerable speculation w’as aroused concermng alternate P 
ways for the formation of phosphopyruvate The reaction which receiv 
most attention for this transformation was the oxidation of fumarate Aai 
(98) had demonstrated phosphopyruvate synthesis m fumarate oxidation ^ 
Lipmann (33) proposed a mechanism for this synthesis involving addi lO ^ 
morgamc phosphate to fumarate followed by oxidation to 
acetate and then decarboxylation to phosphopyruvate Carbon dioxide 
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jposed to play an essential rAle in this mechanism via Steps 1, 2, 3 and 12 
ition II) However, Lardy and Zle^er’a (74) findings of the reversibility 
16 have now removed the essential requirement for the fixation reaction 
.'er, the fact that Leloir and Munos (99) have found that adenyhc acid is 
jy for fonnation of phosphopyruvate from succinate fumarate, or citrate, 
es that a phosphate transfer, rather than a direct uptake of inorganic 
ate may occur in this formation of phosphopynivate In this case, the 
on of the C4 dicarbox> lie acids may simply function to syntheaiio ATP for 
osphoiylatlon of pyruvate or of C4 acids At present the occurrence 
jphopyruvate formation by addition of morganic phosphate via Step 12 
e considered specnlativo It seems probable that carbon dioxide is fixed 
ogen by reversible equUibna 1, 2, 3, 15, 13, and 14, and that the obligatory 
m of carbon dioxide m glycogen synthesis is to be questioned 
ough the oxidative pathway of the tnearboxyho and cycle does not 
direct part In the incorporation of fixed carbon into glycogen except as it 
ipply the energy for this synthesis, it seems likely to have a more direct 
n m the conversion of acetate to ^yeogen Lorber et al (76) (cf Section 
19) have shown that carboxyl labeled acetate fed to rats yields Uv'erglyco- 
th labeled carbon m the 3 and 4 positions of the gilucose unit With ace 
mtoming tagged carbon in both carbons of the acetate, the isotope was 
ntly in all positions of the ^yeogen (76) 

le acetate carbon is traced through the cycle of figure 1 it is dear that the 
wi diatnbutioa of labeled carbon resulte. The Steps are 19, 6, 6, 7 8, 
3, 2, 1, 16, 13, and 14 At the cr-keto^utaratc step the carboxyl labeled 
5 would give an a ketoglutorate with tag^d carbon in the carboxyl adja 
1 the methylene group This compound upon oxidation yields succinate 
le labeled carbon in the carboxyl groups Then in Step 1 carboxyl labeled 
de would be formed and this compound would yield ^ycogen with tagged 
. in the 3 and 4 positions of the ^ucose 

the other hand, mth the acetate with both carbons labeled, a-koto^u 
^ould result vith the carboxyl group and adjacent mcthvlene group 
I Succinato then would be formed, Step 10, with labeled carbon in the 
yl and methylene groups At Step 1, pyruv'ate nould arise vnth tagged 
I in all positions, and from this pyruvate glucose would be formed with all 
ms labeled The C*’ was not found to be uniformly distributed in the 
B, however In one experiment (76) for example, the following values 
'blamed for the excess C‘’ of the ^ucooe 3 and 4 positions 0^0, 2 and 6 
ats 058 and 1 and 0 positions 052 

ilanation of this vanalion of the D* is not difficult insofar as the 3 and 4 
ms are concerned since the acetate carbon probably enters these positions 
0 mechanisms, le , by fixation of the ansing from the oxidation 
acetate and also by incorporation of the acetate carbon directlj via the 
wxyllc acid q^cIc os outlined above The combined effect of these two 
'Disms could be to raise the C*’ m the 3 and 4 positions above that of the 
carbons of the glucose 
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The explanation of the cause of the difference between the C*’ content of thi 
2 and 5 positions and 1 and 6 positions is not nearly as evident The a and / 
positions of the pyruvate formed by Step 1 of the scheme arise from the methylem 
carbons of the succmate Smce the succmate molecule is symmetncal, the C? 
from the methylene carbons would of necessity be uniformly distributed in thi 
a and j3 positions of the pyunvate and furthermore, via Steps 16 and 13, the diB 
tnbution would be uniform m positions 1 and 6 and 2 and 5 of the glucose 
Lorber, et al (76) have therefore concluded that the tncarboxyhc acid cycle a 
given m figure 1 may not be the sole route of conversion of acetate to glycogen 
They pomt out, however, that the results can be accounted for by the tncar 
boxyhc acid cycle if the scheme is modified One modification that is 8Uggeste( 
IS of Steps 11, 3 and 2 of figure 1 to provide a pathway mvolving unsymmetnca 
molecules This pathway may be m the form of phosphate esters of succmati 


and fumarate However, it would seem necessary to assume that these unsym 
metncal forms are m partial equihbnum with the symmetncal acids Thi 
suggestion is mdicated smce the concentration is not greatly different in th 
1 and 6 and 2 and 5 positions, and therefore some randomization mechanisn 
must be operatmg Likewise m the scheme for carbon dioxide fixation in glycc 
gen it has, thus far, been found necessaiy to assume that the oxalacetate is in a 


least partial equihbnum with a symmetncal molecule This mechanism give 
the necessary randomization of the fixed carbon m the carboxyl groups of oxal 
acetate so that pyruvate as formed from oxalacetate will contam fixed carbon 
It IB obvious that the above explanation of acetate conversion to glycogen i 
entirely tentative Of course, other schemes can be devised to fit the result 
For example, a-ketoglutarate mi^t be formed from pyruvate and acetate ; 
Reaction 27 This a-ketoglutarate would be similar to that formed by 
tncarboxyhc acid cycle and thus would have the same limitations For 
present, however, smce the tncarboi^hc acid cycle is far more complete 
other mechanisms, it seems advisable to use this cycle as a basis for speculation 
The conversion of carboxyl labeled butyrate and propionate to hver glycog^ 
likewise, was studied by Lorber et al (76) and the labeled carbon was ' 
occur m the 3 and 4 positions of the glucose umt The mechanism o ^ 
transformations is not defimtely known, but m the case of butyrate, conve 
to acetoacetic acid and then to an acetyl group seems the most likely me 
(cf Fatty acid oxidation, p 236) According to this proposal the acety 
would enter the tncarboxyhc acid cycle by the same reactions as carboxy c 
acetate, and give nse to glucose with the tagged carbon m the 3 and 4 
Bhxenkrone-MoUer (100) has suggested that the butyrate is conver ^ 
succmate by omega oxidation and that this is the reason butyrate is 
The change of succmate to glycogen most likely would be tjK 

pyruvate through Steps 11, 3, 2, and 1, and this transformation, just as 
tncarboxyhc acid cycle (via Step 15, etc ), would place the carboxyl car 
butyrate m the 3 and 4 positions of the glucose However, prehmin ^ 
ments by Wood et al (101) have mdicated that this mechanism w g 
ment with their experimental observations When they fed CHj * 
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CKK)H to ratfl, the tagged carbon ■was found predominantly m the 3 and 4 
posihons whereas by the omega oxidation with succinate as an mtermediate, the 
tagged carbon would be m all positions of the glucose On the other hand, the 
results are in complete agreement with the predictions for conversion to two 
acetyl groups and transformation na the tncarboxyho aad cycle The expon 
ments are being repeated ■with butyrate containing a greater concentration of 
C" than was available m the prelimmary expenments The sensitivity of the 
test will thus be greatly mcreased 

The mechanism for conversion of propionate to glycogen is generally conffldered 
to he na oxidation to pyruvate The results of Lorber el al (76) are in agree- 
ment with this concept 

Some discussion is perhaps desirable concerning the results obtained m isotope 
eiperfmenta m relation to past measurements of tho glycogenic properties of 
compounds The method used m the past has been to determme the net increase 
in glycogen after feeding a compound However, it is now certain that the net 
increase m glycogen is not necessarily a measure of the amount of the fed com- 
pound which is incorporated in the glycogen For example, Vennesland et aU 
(71) found when C“Hj C^HOH COOH was fed to rats that the liver glycogen 
deposited averaged 21 per cent of the fed lactato, but contained only 3^ per 
cent of the lactato radioactivity This fact emphasizes that when a compound 
is fed and an increase is found m a body compioncnt, it does not follow that the 
esrbon of the fed compound is transferred as such to the increased component 

Sdoenhenner and Eittcnberg (102) have presented endenoe that the com 
poneuta of the body are in dynaimo equilibnum and are constantly "turning 
Over” Therefore, when a compound is fed it enters this metabolic "pool" 
and 13 converted mto many different components of the body If the fed com- 
pound enters into the dynamic equibbna of thoee compounds which are pre 
cursors of glycogen, it is to be expected that the compound will become mixed 
With the other precutEOia m the metaboho pool Vennesland d oZ. (71) bebevre 
this dilntaon by mixing with precursors is tho explanation for the small incoipora 
tion of C" from the CMactate, as compared to the much greater observed net 
increase in the hver f^ycogen 

Actually, tho feeding of a compound could Influence a body component m any 
one of the following ways 

a. The compound fed could bo transformed into the body component and a 
ad mercase m the component occur 

b The compound M could be transformed into the body component but no 
net increase in the component occur 

0 The compound fed could cause a net increase or decrease m the body com- 
ponent without itself entering the body component 

In the latter case the fed compound would not enter tho metabohe pool of 
P^wcursors which serve as a source of carbon for formation of the body com 
Ponent, but rather by indirect action would influence the steady state of tho 
dynamic etpiilibrm involved m formation of the body component Presumably 
such a case could arise when the fed compound product hi^ energy phos 
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ptate Buch as ATP which was used in turn in ^thesis of the body componeut 
Tieued m the hght of these considerations the explanation of Buchanan ciol 
(85), of why fed acetate does not usually lead to a net increase in glycogen, may 
be an over simplification They propose that acetate is oxidized in the tn 
carboi^hc acid cycle to two molecules of carbon dioxide and that one molecule 
of oxalacetate is regenerated Smce there is no net increase m the oxalacetate, 
which IS considered to be the carbohydrate precursor, no net increase in glycogen 
IB considered likely to occur This xuew overlooks the fact that the dynamic 
equihbnum may be subject to change not only because of the concentration of 
the actual carbon precursors, but also, for example, because of the energetics 
of the system, ATP concentration, etc 

It IS clear from the above discussion that the amount of isotope incorporated 
mto glycogen likewise is not a direct measure of the net increase in glycogen. 
This erroneous assumption has been made by Deuel et al (103) m interpreting 
the experiments of Buchanan ei al (72) on butyrate conversion to glycogen. 
Furthermore, the findmg of Lorber et al (76) that C“-acetate is converted to 
glycogen does not conflict with the results of feedmg experiments which m 
general, have been considered to mdicate that acetate is non-glycogenic (Kh), 
(105) It IS only necessary to assume that when acetate is fed and enters glyco- 
gen it does not shift the dynamic equihbna m such a way as to cause a net increase 
in glycogen 

The incarboxyltc acid cycle and oxidation of fatty acids The oxidation of 
fatty acids via the tncarboxyhc acid cycle has only recently been given senous 
consideration This particular phase of fat oxidation will be considered m s<®ie 
detail m this review but for a more complete account of the general subject o 
fatty acid metabolism see Stadie’s recent review (106) 

The evidence of fatty acid oxidation by the tncarboxyhc acid cycle has 
the result of accomplishments m a number of different fields, and much a 
tional work is necessary before uniform agreement can be reached on the mecna^ 
nism of the reactions The greatest divergence of opimon concerns the ^37* 
compound which is formed m the ongmal condensation to give a tncarboxy 

Consideration of the subject of fatty acid oxidation by the tncarboxyhc acid 


cycle will take the followmg order , 

a The imtial condensation reaction will be discussed, particularly the evi e 
will be considered m relation to a possible condensation of Cj and C< 
b Experiments wiU be cited which show that Cs compounds are rapidly o 
from fatty acids, therefore the oxidation of fatty acid via the tncarboxy c 
cycle would not be limited by this reaction 

c The evidence will be presented which shows that acetate and ace 
enter into formation of the mtermediaiy compounds of the 
evidence that the C; component as formed from fat may be oxidized y 
a The initial condensation reaction The three mechanisms for 
condensation proposed by Breusch (83), Lynen (87), and Wieland an 
(84) have received the most attention 
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Breusch (83) suggested that the fitly acids, after conversion to j3-keto acids, 
condense ivith oxnlacetatc according to Reaction 28 

R 

C— 0 

(28) cooH in, + H,0 + 


R 

COOH 

"t* 

OH 

COOH CH, i CH, COOH 
OOH 


0 

^ CH, COOH 

iooH 


Breusch called the enzyme citrogenase Citrogenaso is presumed specific for 
p-keto acids but not for the R group For example, several straight and branched 
chained monocarboxyhc, as well as dicarboxjlic |3-keto acids arc stated to yield 
atrato with the ensymo Furthermore, the R COOH acid resulting from Reac 
tlon 28 after undergoing a second |J-oxidation is suitable for the additional 
oxidation bv Reaction 28 Thus complete oxidation of the fatty acid can be 
accounted for by the scheme 

The ensyme, citrogenase, was extracted with 0 6 per cent NaHCO, and was 
found m large amounts m muscle, ladnoy and brain, but there was little m In er 
and none m spleen, pancreas and lung TInfortuiiatcly only the smg^e report 
which contained no experimental data has thus far been available for evaluation 
of this work. 

Breusch apparently does not behove that the tricarboxylic acid cycle is im 
portant m carbohydrate oxidation The basis of his criticism is not clear to the 
author It is very difficult to understand how he can justify the scheme for fat 
oxidation and m turn cnticiie it as an explanation for carbohixlrate oxidation 
The fact that evidence has been obtained that oitnc acid is not a component of the 
mechanism of pyruvate oxidation is not a logical reason to discard the entire 
scheme for carhohydrates 

The second mechanism of condensation was proposed bv Lvnen. Lvnen 
studied the oxidation of acetate by yeast and has presented evidence that the 
oxidation occurs via the tncarboxylic acid cycle (107), (87) The inhibition of 
yeast oxidation by malonate (87) was demonstrated for tho first time This was 
secomphshed by lowering the pH to about 2, at this pH the yeast cell is per 
meable to malonate 

hynen su^ested that tho oxalacetato and acetate condensation is coupled with 
me dehydrogenation of aldehj des (107) An R group (perhaps a phosphate) 
^suggested to be linked either to the carboxyl of acetato or of oxalacotate 
This combination with R is believed to activate tho add so that condensation 
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can occur On the assumption for puiposes'of illustration that the acetate is tlie 
molecule that is activated, then the reaction would be as foUoivs 

OR 0 OR OH 

(30) 0=i CHs + C CHj COOH ^ 0=A CHs 0 OH, COOH 

Aooh Aooh 

It 13 suggested that the procitrate, thus formed, is converted to a proacomtate 
and then by sphttmg off the R, acomtate is formed The remainder of the 
scheme is by the usual conversions of the tncarboxyhc acid cycle 

The advantage claimed for this scheme is that it provides an unsymmetncal 
citrate molecule which makes possible the explanation of earher results obtained 
by Sonderhoff and Thomas (108), with CDj COOH The results of SonderhoS 
and Thomas have been discussed previously on p 212 Likewise the scheme can ' 
be used to eiqplam the occurrence of fixed carbon dioxide m only one carboxyl of 
a-ketoglutarate as found m the pigeon hver experiments (10), (11) Ilis is 
because the scheme avoids the randomization of the fixed carbon which vrould 
occur if the symmetncal citrate was an mtermediate 
Wieland and Rosenthal (84) have proposed a third mechanism for the con 
densation reaction leadmg to formation of tncarboxyhc acids Wieland and 
Gottfned (109) had found that acetate is rapidly oxidized by kidney corteX) 
and smce it was known that acetate could he converted by some tissues to 
acetoacetate, the oxidation of this latter compound was studied next (84) Witn 
kidney shoes and a combined substrate of oxalacetate and acetoacetate, oxyg® 
uptake was mcreased 40 per cent above the endogenous rate, whereas eithw 
substrate by itself caused only a 10 per cent mcrease When banum ions were 
added to inhibit citrate breakdown, considerable citrate was found formed 
On the above basis "Wieland and Rosenthal postulate that oxalacetate^ 
acetoacetate can combme to form either citroylacetate or acetyl citrate 1 
compounds on hydrolysis xvould yield acetate and citrate Since acetate was 
not found as an end product it was suggested that the product of the fimt con 
densation with oxalacetate imght combme with a second molecule of 
to give a double condensation compoimd which on hydrolysis would yi 
molecules of citrate and no acetate , ^ 

The yield of citrate with oxalacetate and pyruvate was about 60 per 
large as with acetoacetate It wm suggested that pyruvate imght first 
verted to acetoacetate and then form citrate 

By conversion of the unsymmetncal addition products to acorn 
fixation experiments and deuteroacetate results of Sonderhoff and Thomas 
be explamed just as m the case of Lynen’s scheme , . 

The enzyme catalyzmg this reaction was found m kidney and heart 

It IS obvious on cntical examination of the above results is 

mechamsms for citrate formation are purely speculative Actu^y? ^ 

known is that citnc acid is formed from oxalacetate when m combma lo 
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number of other compounds such as acetate, pprvcate, acetoaeeiaic and other 
fidxto actde 

In practically every case oxygen was found to facihtato the reaction, whereas 
no function has been indicated for any oxidation m the reaction. 

The fact that hver does not form altato from acetoacetate (83), (84) has been 
considered an mdication that hver lacks mtrogenase, whereas it is just as probable 
that the hver preparations only lack ensymes for converting acetoacetate to an 
intermediate capable of taking part m the oitrogenase reaction At any rate, 
there is an eniymo m hver which forms citrate from pyruvate and oxalacetate 
and there is no reason to believe it is different than the ensymo which produces 
citrate m kidney and heart In fact, until evidence is presented to the contrary, 
it is probably a fair assumption that the same eniyme causes condensation m 
each case 

The results of Hunter and Lelour (88) are of considerable interest in this con- 
nection They have recently demonstrated with a washed suspension of kidney 
cortex that a-ketoglutarate oxidation stimulates the conversion of acetoacetate 
and oxalacetate to dtratc This function of a-ketoglutarate is reminiscent of 
bynen's (107) observation of the activaUng effect of oxidation of succinaldehyde 
on atrate formation by yeast On the other hand. Hunter and Lelom found that 
o-ketoglutarate oxidation was not neoessary for the formation of citrate when 
oxalacetate was the only substrate Oxalacetate breaks down to pyruvate 
^wntaneously and the reaction in the latter case may have been by union of 
oxalacetate and pyruvate or a product formed from pyruvate The important 
point IS that acetoacetate apparently undergoes some primary reaction facihtated 
by a-ketoglutarate oxidation before it can be converted to citrate It therefore 
seems quite unlikely that acetoacetate is a direct intermediate m the oitrogenase 
reaction 

Additional evidence that acetoacetate is not an mtermediate has likewise been 


presented by Lehmnger (110) Usmg a hver preparation he found that citrate 
was formed oxidatively from either pyruvate or octanoate, when added m com- 
bination with fumarate On the other hand, when fumarate was omitted, citrate 
was not formed, but there was increased formation of acetoacetate as compared 
to that formed when the fumarate was added. From acetoacetate and fumarate 
the formation of citrate was no greater than from fumarate alone These results 
are mterprated as evidence that acetoacetate is not a component of the citrate 
reaction but is formed when oxalacetate is not present to shift the reaction toward 
formation of citrate It is suggested that pyruvate and fatty acids may have a 
'xnnmon C, intermediate which react m the condensation 


In connection with pyruvate conversion to citrate, it is to bo noted that 
MartiuB (111) has presented evidence that the 7 carbon compound, 2-keto-4- 
hydroxy adipic acid is not precursor of citrate This compound was not con- 
yorted to atrate by kidney preparation. It is of mtereat that Bloch and Hitten- 
txirg (112) have presented evidence that pyruvate ns such may react with amines 
m acylation and that the pyruvate b broken down to an acetyl group after 
combination with the amine It is conceivable that the same type of reaction 
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may occur m the condensation of p 3 Tuvate to form tncarboxylic acids, i e , the 
pyruvate may react pnor to formation of the Cj fraction 
Hunter and Leloir (86) and Lehnmger (110) have tested acetyl phosphate as a 
probable Cj component for the citrogenase reaction and have found it inactive 
However, since acetyl phosphate is rapidly broken down by animal tissue (41), 
it IS questionable whether the test w’lll have any defimte significance, until it is 
demonstrated that the ester w as sufficiently stable under the conditions of the 
test and available for the enzyme reaction 

It evident that information concermng the mitial condensation reaction 
IS m a very confused state at present It is obvious that considered as a group, 
the compounds (acetate, pyruvate, acetoacetate) w^hich form citrate m combina 
tion with oxalacetate have one thmg m common, i e , they are adl potential sources 
of C 2 compounds Further mvestigation is needed, however, before any exact 
idea can be reached as to the mechanism of the reaction 
b Evidence of formation of Ci compounds in the oxidation of fatly acids An 
mterestmg feature of biochemistry, that has become apparent from recent isotope 
studies, is the remarkable abihty of ammals to construct complex compounds 
from small umts, such as Cj and Ci compounds There is mcreasmg evidence 
that the food is dissumlated and then synthesized to body constituents Of 
course there are many exceptions, the essential vitamins and ammo acids must 
be added as more compheated molecules Even here it is often true that specific 
groups are essential components rather than the whole molecule It is 'V’ciy 
sigmficant that acetic acid is mcorporated mto such compounds as cholesterol 
(113), (112), heimn (112), fatty acids (114), glycogen, (76), glutamate and as 
partate (89) and that glycme is converted to glycogen (115), porphyrin (116) 
and creatme (117) Furthermore, Bloch and Rittenberg (112) have recently 
calculated that from 0 9 to 1 2 grains of acetate may be formed daily por 100 
grams of rat tissue (cf p 239 for further discussion) Thus the Cj compound 
clearly plays an important part m ammal metabolism 
The evidence that Cs compounds are formed from fatty acids dates back to 
Knoop’s studies of /3-oxidation (118) Schoenheimer and his collaborators 
have extended these observations with the more nearly natural compounds, the 
deuteno labeled acids, and have demonstrated that the long cham acids are 
buUt up and broken down by umts of 2 carbons For example, deuteno-palmitic 
acid, 16 carbons, was converted to deuteno-steanc acid, 18 carbons, and deuterio- 
steanc acid was converted to deuteno-palrmtic acid (119, 120) 

Veiy recently Rittenberg and Bloch (114) have presented convmcmg evidence 
that acetate is converted to fatty acids Sodium acetate contaming 77 per cen 
deutenum m the methyl group and 19 6 per cent in the carboxyl group vM 
fed to mice m a high carbohydrate, low fat diet at the rate of 1 6 mM of aceta e 
per 100 g of weight per day for eight days The respiratory carbon dioxide & 
the conclusion of the expenment contamed 0 066 per cent excess C” and ® 
deutenum concentration m the body flmds w'as 0 09 per cent excess The fa 7 
acids were isolated from the hver and carcass The total fatty acids 0 
carcass contamed 0 081 per cent C*® and 0 13 per cent deutenum while the a 
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adds of the liver contained 0 103 per cent C?’ and 0^2 per cent D These reaulta 
thoiv that both the deutcnum and C'> labeled carbon atoms of the acetate were 
used m the synthesis of fatty acids Smce the respiratory carbon dioxido con 
talncd less C” than the fatty acids it was concluded that not all of the carbon of 
the acetate was moorporated as carbon dimade ‘ 

The saturated fatty acids Tvere isolated and then decarbovj lated The con 
eentration of C* in the carboiyl carbon of the saturated acids was found to be 
almost twice as high as the average C‘* of the entua molecule The most phuisi 
hie distribution which would ovplam these results is one m which the isotopic 
carbon is in every other carbon atom, i c , the odd carbon atoms of the fatty 
add This proposal is supported further by tbo fact that when the unsaturated 
"oleio acid” fraction was ovidatively split into "pelargomc ’ and arclmo aad 
fractions and analyied, both the O’ concentrations and deuterium concentra 
tions were nearly the same in the two fractions Thus the isotopes were dis- 
tribnted m the whole carbon cham This fact mdicates the complete molecule 
was formed with mcorporation of acetate carbon Rittcnberg and Bloch have 
estimated that at least one fourth of all tho carbon atoms of the synthesited 
fatty acids were derived from acetate carbon 

These findmgs can be taken to indicate that the reactions of fatty add degrada 
tion to Cj compounds aro reversible, and that fats may be synthesited by these 
revereiblo reactions The condensation of acetate to ncetoacetato may be the 
firet step m the synthesis The fact that Swendseid el at (121) have demon 
strated m rtro that acetate is converted to acetone bodies gives support to this 
idea 

It is mteresting that Wood el al (122) obtained convmcing evidence with 
CHiC”OOH that the butyl alcohol bacteria convert acetate to butyno acid and 
butyl alcohol The reaction is similar to the above condensation smce the C** 
was equally distributed in the carboxyl and beta positions Also the results of 
Barker, Knmen and Bomstem (137) aro significant in this connection Usmg 
Cl kluyven, which ferments alcohol and acetate to butyrate and then to caproate, 

(31) CH, CH,OH + CH, CCMDH -* CH, CH, CH, COOH + H,0 

(32) CH, CH, CH, COOH + CH, CH.OH CH, (CH,), COOH + H,0 

* Although tho above conclusion U very likely cormet it should bo pointed out that based 
on this single observation them would be a poasiblliti of error It la conceivable, that the 
rate of exchange at the eito of oxidation of acetate and syntheels of fat may not be rapid 
enough to bring the components involved into complete equilibnum with thoeo of the body 
In general In other words, tho concentration of C** and D in tho blcarhonate and water 
respscUvtly of the organ or site where tho oxidation is oeenrrlng might be higher than that 
of the respiratory carbon dioxide and aixraga body wmtar In thia case an isotopic com 
pound could be eyntheslied bv incorporation of 0**0, and IIDO and have a higher content of 
C*' and D than that of the respiratory carbon dioxide and body water Tbo poesiblUties of 
such an error are ompbaslrod by Kalckar el of (140) and Furebgott and Shorr (141), who 
snowed that the isotopic concentration in the intracollular and oxtracoUular phosphate 
could be quite different and that this difference probably acconnts for tho observations by 
nscici ( 142 ) which seemed to indicsto that tbo Moyerhoff Warburg scheme of glycolj sis did 
not apply to tbo working muscle 
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it was shown that m the presence of acetate labeled with m the carboxyl 
group, the was approximately equally distnbuted between the carboxyl 
and beta carbons of the butyrrate In the caproate one-third of the C*< was in 
the carboxyl group, the rest was presumably in the beta and delta positions As 
the fermentation proceeded the concentration of m the acetate dropped, 
which mdicated there was oxidation of the ethanol to acetate or a compound 
m equilibnum with the acetate When the organism was grown in normal 
ethanol and carboxyl labeled butyrate, isotopic caproate was formed but not 
acetate The m the caproate was not m the carboxyl but presumably was 
m the beta position The condensation therefore mvolves butyrate or a related 
Ci compouhd and the methyl group of acetate or a reactive denvative formed by 
oxidation of alcohol This bactenum thus produces a reaction which is very 
similar to the conversion which occurs m fatty acid synthesis by animals 

Closely related to the above considerations is the mechanism of acetoacetate 
formation from fatty acids The ongihal jS-oxidation theory assumed that there 
was successive sphttmg off of Cj umts m the form of acetate until four carbons 
remained, and that this 4-carbon chain was then oxidized to ketone bodies It 
became obvious that this theory was not adequate, when Jowett and Quastel 
(123) found that more than one ketone body was formed per molecule of fatty 
acid dissunilated The idea of a 4-carbon cleavage of the molecule was therefore 
suggested 

MacKay et al (124) proposed, however, that the conversion was to acetate and 
that the acetate was then converted to acetone bodies Weinhouse, Medes and 
Moyd (125) have now presented convmcmg evidence of this mechanism of 
formation of acetone bodies from fatty acids When n-octanoate labeled by th® 
mcorporation of C*® m the carboxyl group was mcubated %n vitro with hver shoes 
the resultmg acetoacetate contained the excess C*’ equally distnbuted between 
the carbonyl and carboxyl carbon atoms The only mechanism which satis 
factonly explains these residts is one which mvolves random couphng of Cj 
umts as illustrated m Reaction 33 


(33) CH, (CHj), C‘»OOH ->• 4CH, C"OOH 2CH, C»0 CHj C’OOH 

The Cj unit may not be acetic acid, but it is a likely possibihty m view of^e 
residts of Swendseid et al (121) and Weinhouse et al (126) Rowing the C“ 


acetate is converted to C'*-acetone bodies , 

It does not necessarily follow that none of the acetoacetic acid can be form 
by direct conversion from a C4 mtermediate compound In fact, Medes et 
(127) have demonstrated with carboxyl labeled butyrate that about 22 per ^ 
was converted by direct oxidation to acetoacetate by the hver shoes 
acetoacetate formed by this conversion contains C‘* m the carboxyl group 0 yj 
and for that reason the resultmg acetoacetate contamed more C’* m the carboxy 
group than m the carbonyl group The reaction may be as follows 


(34) CH3 CH, CH2 COOH ->■ CH, CO CHj COOH ^ CHj COOH 
In the case of octanoate, smce the last 4 carbons did not contam any labeled 
carbon, the direct conversion coidd not be detected 
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ThesB resulta, beyond their direct importance m contributiiig information 
conceiTdng acetone body formation, givo good evidence that Ci components are 
formed from fatty acids 

Bloch and Eittenberg (128) have made an important contnbution to informa- 
tion on the formation of Cj compounds from different compounds by using mtaot 
rats Ihis was done by studying the rate of acetylation of phenylaminobutyric 
sad, when this compound and the test componnd were included m the diet 
The compounds were labeled with deuterium and the amount of deutonum 
eicreted as acetyiphenylammobutyno aad was determined The findings are 
interpreted on the assumption that acetic aad, or some closely related compound. 
Is the direct acetylating agent and that the appearance of deuteno acetyl groups 
Is proof of the mtermediary formation of deuteno acetic aad from the isotopic 
test substance 

Deuteno acetyl groups were excreted after administration of labeled ethanol, 
butyrate, alanine, n valerato and mynstate, but not after propionate and 10, 11 
dideutcno undecylate The results are considered to be m complete agreement 
with the theory of ^ oxidation to Ci unita The negative results with 10, 11- 
dldeuteno undec^c aad are beheved to result because the 9, 10 and 11 carbon 
atoms are converted to propionate This compound did not yield an acetyl 
group The fact that propionate did not form an acetyl group is considered 
evidence that propionate is not oxidised to pyruvate (Step 23 of fig 1) If 
pjTnvate was formed from propionate it is qmte certam that the foreign amine 
would have been acetylated by the resultmg pyruvate It is assumed that 
pyruvate, if formed, would acetylate smce alanine is an effective acetylatmg 
agent and is beheved to acetylate after its convermon to pyruvate Bloch and 
Rittenberg suggested therefore that the oxidation of propionate must be at the 
fl carbon and not at the a carbon m the conversion of propionate to ^yrcogen 
It IS mteresting m relation to this pomt to note (Section II, p 214) that m the 
propiomo add fermentation the reverse reaction, conversion of pyruvate to 
propionate is not beheved to occur by a direct reduction 

Bloch and Rittenberg (112) have extended these studies of the acetylation of 
foreign ammes by use of acetic aad labeled with deutenum m the methyl group 
and C“ in the carboxyl group They have shown that there la no substantial 
•^bango m the ratio of deuterium and C“ during acetylation in the animal body 
This fact indicates that there is no loss of deuterium by exchange durmg the 
acetylation reaction It was necessary to establish this fact, smeo these authors 
were attemptmg to determine the amount of acetate formed m the body by 
®«asurement of the dilution of the deuterium in the acetylated amine as com- 
pared to that of the ted acetate The basis of the calculation is that the dilution 
is caused entirely by miring of the administered acetate and acetate occurrmg 
jnthe animal body The above results showed that the dilution could not have 
by loes of deutenum from acetate through exchange reacbons After 
excludmg this poesibihty it was necessary to assume that acetate is the only 
a^jlating agent and that other compounds do not react with the amine and 
then become converted to an acetyl group Bloch and Rittenberg believe this 
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IS true for aromatic a min es, although they showed alamne -ftill apparently acety 
late phenylammobutync acid m a form other than acetate TTierr calculations 
indicate that from 15 to 20 mM of acetyl groups are formed per 100 grams of rat 
tissue per day 

There are a number of possibihties for error m this determination Obviously 
any mechanism that removes the administered acetate without its coming to 
equihbnum with the acetyl groups will cause error This would be the result if 
acetydation mvolved formation of an mtermediate and if acetate ivas ondiffid 
or removed without coming to equihbnum with this mtermediate Tlie dilution 
by body acetyl groups would, m this circumstance, appear greater than is actu 
ally the case The opposite kmd of error would be made if the C* compound, as 
formed m the cell, was oxidized at the site of formation ivithout equilibrating 
with added acetate or with the Cj compounds at the site of acetylation. In 
this case the calculated value of acetyl groups would be too low It should be 
borne m mmd that acetate as such may be a dead end or side reaction, and that 
acetate may be converted to an mtermediary Cs component of the body but 
as such may not be the true mtermediate of oxidation Nevertheless, the ev 
penments of Rittenberg and Bloch are the first attempt to measure formation of 
Co compounds m the body and the results mdicate there is a substantial amount 
of Cj compounds formed m animal metabohsm 

It IS interestmg that Bloch and Rittenberg’s results exclude the conversion of 
acetate to acetoacetate m the acetylation reaction If this reaction occurred 
there would be- a loss of deutenum and, therefore, a change m the ratio of C?' 
to deutenum m the acetylated amme 

They suggest that the major part of the acetyl group arises by oxidation of 
fatty acids The mechanism of the reactions by which the fatty acids are ox 
idatively degraded to Cj umts has not been mvestigated extensively No 
mtermediate products of /3 oxidation have been isolated, likewise, it has not been 
possible to detect the lower fatty acids m oxidations bj'^ hver preparations (125)) 

(129) 

Lehmnger (130) has demonstrated that adenosme tnphosphate is requireu 
oxidations by hver homogenates He suggests that an acyl phosphate is forme 


and that this phosphorylation activates the molecule for oxidation 

c Formahon of tntermedtaie compounds of the cycle from labeled acetate a 
acetoacetate 'Aside from the evidence that fatty acids may be converted to w 
compounds, there is additional evidence that fatty acids may be dissmula 
by the tncarboxyhc acid cycle, m that some of the mtermediate steps of the eye e 
have been demonstrated The most convmcmg evidence has been supphe 7 
Buchanan et al (85) usmg labeled acetoacetate and acetate and by Rittenterg 
and Bloch (89) and Weinhouse et al (88) usmg labeled acetate Pnor ^ ^ 
expenments, there was ample evidence that the mtermediate compounds o 
cycle were rapidly fermented (79), (80), (42), (131), (107) by different 
Only the evidence with labeled compounds can be considered m detail m 


report 
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Buchanan ei al (86) found that citrate, a ketoglutarate, succinate, fumarate, 
malate or oialacetate atimulated the oxidation of acetoacate by homogemred 
guinea pig kidney cortex As a test of whether or not acetoacetate was oxidised 
by the tnearboxyhe acid cycle the amount of conversion of CH, C’‘0 CH, C” 
OOH to intermediates of the oyde was measured The isotopic acetoacetate 
was oxidited m mixture with succinate m one case and a ketoglutarate in another 
Fumarate was isolated from the experiment to which succinate was added and 
a-ketoglutarhte from the other experiment The isolated acids contmned an 
excess of C” of such a magmtude as to indicate that the acetoacetate was oxidized 
wo the tnearboxyhe acid cycle 

By degradation of the isolated acids the position of the 0“ was determined 
The excess C?* was m ^e carboxyl groups of the fumarate. In the a ketoglutar 
ate the carboxyl group adjacent to the keto group contained 0.24 per cent excess 
C" and the temamder of the molecule 0 69 per cent If all of the excess O'* 
was in the two carboxyl groups of the o ketoglutarate, the excess C“ m the second 
carboxyl group would be 2B6 per cent 

When carboxyl labeled acetate was oxidized together with a ketoglutarate, 
racemate was formed which contamed excess C” In a similar experiment by 
Weinhouse el al (88) with labeled acetate and rat kidney rmnee, the a ketoglu 
taiate was isolated and degraded One-sixth of the total C“ in the a ketoglu 
tarnte was found m the carboxyl adjacent to the carbonyl group, the remainder 
is presumed to be m the other carboxyl group 

Weinhouse d at (88) by a sirmlar technique were unable to show the eon 
version of acetate to citrate when either citrate or acomtate was added together 
with C“ acetate The sigmficance of these results has been considored on 
p 224 

The above results with a keto^utarate and the dicarboxylic acids are m 
complete agreement with the propoeals of the scheme of figure 1 The ot-ketoglu 
tsrate and suednate would, according to this scheme, be oxidized to oxalacetate 
by Steps 10, 11, 8, and 2 The resulting oxalacetate would umte with an acetyl 
group containing O'* in the carboxyl group, the latter bemg formed from the 
acetoacetate by Step 18 Then by Steps 6, 6, 7, 8, 10, 11, o-koto^utarato and 
fumarate would be formed The o-ketoglutarate would contam excess C" only 
m the carboxyl group distal to the carbonyl group and the fumarate would 
contain isotope only m the carboxyl groujis If this C“ fumarate re-entered the 
cycle and reacted with a C”-acetyl group the rcsultmg a ketoglutarate would 
contain excess C** in both carboxyl groups This may m part accoimt for the 
occurrence of some isotope in the carboxyl adjacent to the koto groups m a- 
tctoglutarate Partly the distribution in both carboxyis may result from the 
roveisiblo side reaction to mtrate. Step 21 

The results obtained by Rittenberg and Bloch (89) are very similar and were 
obtained by feeding acetate labeled with C“ m the carboxyl group to rats and 
®ico The mtermediates of the tnearboxyhe add cycle could not be isolated 
from the intact ammal but glutamic and aspartic acids, which are m biologloal 
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eqmlibnum with a-ketoglutarate (Step 9, fig 1) and oxaJacetate respechvely, 
were isolated The carboxyl adjacent to the ammo group m the glutamate, 
which was isolated from mouse hver, contamed 0 096 per cent excess O’* and the 
entire molecule contamed 0 080 per cent If the excess C“ was enfardy m the 
two carboxyl groups, the carboxyl distal to the ammo group would have contamed 
0 304 per cent excess The aspartate contamed 0 038 per cent excess (7* 
This compound was not degraded 

It should be mentioned that the m the glutamate was greater than that in 
the respiratory carbon dioxide Therefore, the could not have been incorpor- 
ated m the glutamate exclusively as carbon dioxide Presumably, however, some 
of the (P* m the a. carboxyl of the glutamate may have been mcorporated by 
carbon dioxide fixation o 

It IS evident that these results are almost identical with those obtamed by 
Buchanan el al (85) and Weinhouse et al (88) The low concentration of C* 
foimd m the isolated compounds is to be expected because of the large dilution of 
acetate m the animal body and because the C*’-glutamate and asparate would be 
diluted by normal glutamate and asparate of the tissue The data are partic- 
ularly important because they show^ that results obtamed with the mtact animal 
are adaptable to the tncarboxyhc acid cycle 

These results do not confirm Krebs and Eggleston's (132) and Weil-Malherbe’s 
(133) contention that acetoacetate is not oxidized by the citrate cycle Krebs 
suggested that the mcreased production of citrate from oxalacetate and aceto- 
acetate as compared to that from oxalacetate alone, was caused simply by the 
acetoacetate actmg as a hydrogen acceptor and that the acetoacetate was not 
oxidized by the cycle 

SuxiMARr The experimental evidence for the tncarboxyhc acid cycle has 
been cntically exammed and the pomt of greatest weakness m the evidence is 
considered to be that concemmg the mitial condensation reaction to form a 
tncarboxyhc acid 

The adaptabihty of the tncarboxyhc acid cy'cle as an explanation of carbo- 
hydrate and fatty acid oxidation is discussed particularly m relation to recent 
obsen''ations made by isotope experiments The scheme satisfactorily accounts 
for the position of carbon dioxide fixed m pyruvate oxidation by pigeon liver 
Likewise, the formation of glycogen from acetate, propionate and butyrate can 
be explamed by this mechanism, although for this explanation a shght modifica 
tion of the scheme seems necessary 

Oxidation of fatty acids via the tncarboxyhc acid cy^cle is a likely posabih^ 
By assummg that the mitial condensation reaction of the cycle mvolves a 
compound, an integrated picture of carbohydrate and fatty acid oxidation cm 
be obtamed The proposal that the mitial condensation is a more comphcatw 
process than a and condensation is considered inadequately supported y 
experimental evidence For the sake of uniformity and sunphcity, it is deemea 
advisable at present to picture the condensation to be with a Cj componen 
Fatty acid oxidation \Ta the cycle can be explamed smce Ca components are 
rapidly formed from fatty acids and also mtermediate compoimds of the cy e 
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are fonned with incorporation of the carbon from the Cj components m the pro 
dieted positiona 
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THE EFFECT OF BODY TEMPERATURE ON DRUG ACTION 
FREDEniCK i. FtJHaMAN 
Deparimtnl of Physiology Stanford Unismilyf Catifomia 

The action of drugs in nnunals is influenced by body temperature as ■well ns by 
the more commonly recogmied -variables such as body weight, sex and species. 
In poildlotherms, the temperature of the body is dependent upon that of the 
mvironmont and may be vaned over a range of about 36°C In homoothenns, 
the fluctations m body temperature are so slight that the influence of temperature 
upon pharmacological notion is difSoult to measure m completely normal ani- 
mals, and IS usually neglected It is only when the body temperature donates 
markedly from normal that the effect of such changes becomes important It 
has only recently been appreciated that human bemgs can recover from body 
temperatures as low as 23°C (Talbott, 1941), although this was known much 
earlier (Reinoke, 1876) Body temperature actually can be ■varied over a range 
of about 20°C m man and about 36°C in some other non hibernating mammals 
Smce such ranges of temperature are possible, the influence of body temperature 
upon drug aotiop becomes of considerable importance m homeotherms as -well as 
In poildlotherms 

The effect of temperature upon drug action has beeninvestigated under three 
disdnctly different ciroumatances (a) in homeotherms at varied levels of en- 
■viromnental temperature, (b) m both homeotherms and poikHotherms at varied 
body temperatures, and (c) in isolated organs and tissues at graded temperatue 
levels. This review moludes chiefly the alterations m drug action in vertebrates 
resulting from changes m body temperature Results obtamed at varied 
environmental temperatues and on isolated preparations are included m some 
cases to supplement these observations. 

One approach to the problem of the effect of temperatue upon drug action is 
the determination of the extent to which temperature coefficients may be modified 
by the presence of drugs. Some examples of such results, obtamed chiefly on 
invertebrates, are cited by BSlehridek (1936) and Crosier (1924) The effect 
of the foUowmg substances on the temperature coefficient of the heart beat 
of the frog has been reported epinephrme, tyramine, ethyl alcohol, gnamdine, 
atropme, caffeine, pilocarpine, camphor and morgamc iems (of BElehriidok, 1932) 
For methods of cdculation and mterpretation of temperature coefficients the 
reviewB by Pmbaum (1923), Kamts (1916, 1925), BHehridek (1936), Hoagland 
(1930), Suer (1943) and van Rysselbergbo (1944) may be consulted Of par 
tioulsr mterest are the recent studies of temperature and the action of narcotics 
and other drugs on bacterial lummescenco (F H Johnson et al , 1942, 1943, 
McEIroj , 1943), and tho application to these data of the theory of absolute reac- 
tion rates (cf Glaastono et al , 1941 , Eyrmg and Magee, 1942) 

It has not been possible to include all papers m the hteraturo dealmg with 
temperaturo and drug action In particulw, many of the older references cited 
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by Brunton (1885), Richet (1889), Samt-Hilaire (1893), Langlois and Richet 
(1895) and Rlatisse (1919) have been omitted The effects of environmental 
temperature on vitamm requirements and the effect of temperature on bacten 
cidal action are not mcluded 

Physiological effects of temperature The effects of temperature on 
drug action, particularly m homeothenns, caimot properly be evaluated mthout 
first considenng the ‘effect of changes m body temperature upon phyaological 
processes The alteration m pharmacod 3 marmc response resulting from lonenng 
of body temperature, for example, is not due entirely to the sunple effect of 
temperature upon the rate of chenucal reactions, but is often greatly modified 
by circulatory, nervous or metabohc changes resultmg from the decrease in 
temperature For this reason, certam temperature effects, uncomphcated by 
the action of drugs, and ranges of body temperature compatible mth vertebrate 
life, are discussed below 

PoiJciloiherms Under laboratory conditions the body temperature of poikilo- 
therms differs httle from that of the environment, bemg, m aquatic ammals, less 
than l^C warmer than that of the water (D L Gunn, 1942) Amphibia, re- 
moved from the water, lose heat by evaporation and therefore have a body tem 
perature lower than that of the am (except at 100 per cent humidity) (Adolph, 
1932, Hall and Root, 1930) For practical purposes the body temperature of 
frogs m cages filled vath suflBcient water to cover the animals may be considered 
to be identical wth that of the water This situation does not exist, however, if 
the frogs are permitted to emerge from the water mto a room at low relative 
humidity 

The metabolic rate of poikilotherms rises with mcrease m environmental tem 
perature, the relationship is, how'ever, non-hnear (cf Benedict, 1932, O’Connor 
and O’Donovan, 1942) 

The highest body temperature tolerated by a given ammal is greatly influenced 
by the time of exposure (cf BSehrddek, 1935) Unfortunately few authors have 
provided sufficient data to evaluate the importance of the time factor Some 
frogs {R pipiens) m a given group die withm 24 hours m water at 33°C (Chffl 
et al , 1943a), and death occurs more rapidly at higher temperatures (Tigersted 
1910, ICamtz, 1925) Many fish do not tolerate temperatures above 30 C 
(Bntton, 1924) Frogs and certam fish survive coolmg to temperatures shghtly 
below 0°C (Cameron and Brownlee, 1914, Bntton, 1924) The cause of death a 
both high and low temperatures is discussed by Heilbrunn (1943) 

Homeoiherms Large homeothenns mamtam a fairly constant body 
perature at environmental temperatures from below O^C to above 40°C ® 

body temperature of mice and other small homeothenns, however, is m 
determined by the temperature of the environment (Nielsen, 1938, Goldfe i 
1941, Chen et al , 1943b) For example, rmce placed on a wire screen plafforni 
m mdivudual glass cages at IS^C showed a mean decrease m deep rectal t® 
perature of 2 36°C m onq hour (G J Fuhrman, 1943) In mice, mcreased 
temperature results from exposure to an environmental temperature of a o 
35°C or above For this reason attempts to mvestigate vanations m 
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action in nmnl l nnimala at ^ aned environmental tempemturca maj bo compb 
cated at both high and low extremes by changes m body tompemture of the animals. 
In many studies at different environmental temperatures, body temperatures 
have not been reported Anesthesia (Hemmgn ay, 1040) and curare (Krogh 
1910) impair the temperature regulation of homeotherms to such on extent that 
the body temperature maj then be mampulntcd by coohng or wnrmmg Hiber- 
nating mammals appear to have a ‘labile” body temperature m the non hiber 
natmg state (Benedict and Lee, 1938) 

Acute hyperthermia m mammdls results m mcreased metnbohe rate,mcreaBed 
respiratory and heart rate and decrease in total peripheral resistance which may 
be more than compensated for by mcreased cardiac output (cf Wlggers and Orias, 
1932, Baiett, 1938) Death may occur from either respiratory or cardiac fadure 
m the temperature range 40“ to 46“C (Kamti, 1925, Marsh, 1930) The lethal 
level of hyperthennm m the fowl is about 47“C (Randall, 1943) 

Progressive general hypothermia (36° to 30“C ) m mammals results at firstm 
increased heat production (from shivermg and muscle ngiditj) andhyperrefle-aa 
(Dill and Forbes, 1941, Faj and Smith, 1941 Grossc Brockhoff and Schoedel, 
1943a) At lower temperatures metabohe rate, heart rate, respiratory rate, 
cardiac output and arterial pressure all decrease Reflexes are progressively 
abehshed C^milton, 1937, cf Libet et al , 1940) Lethal levels of hypothermia 
vary from about 20“C m the dog (Grosse-Brockhoff and Schoedel, 1913b) to 
13~1G°C m the rat (Cnsmon, 1944) and 10°C in the rabbit (And et al , 1943) 
lower lev els of hypothermia may perhaps be tolerated if some form of treatment 
precedes cooling, respiratory movements and cardiac activity were observed 
between 6° and O^C m fasted rats (Cnsmon and Fuhnnan, 1946) Tho media 
msm of death from hj pothermia has been discussed bj Grosse-Brockhoff and 
Schoedel (1943b) and by Cnsmon (1944) Hibernatmg mammals tolerate body 
tempomtures ns low as 0° to 3°C (Q E Johnson, 1931, Benedict and Lee, 1938) 

Itdaicd tissues Isolated vertebrate tissues survive over the approximate tom 
PCTaturo range 0° to 42°C if oxygen consumption and lactio acid produchon be 
taken 08 the entena of survivTiI (Fuhrman and Field, 1943, 1946, Fidd et al , 
1914 G J Fuhnnan, unpublished) Tho capacity for oxygen consumption of 
isolated frog musdo is impaired by a temperature approximatdy that necessary 
fo produce beat paralysis m the mtact animal (Brnchet and Bremer, 1941 , Fcitd- 
herg and Pick, 1942) Thermal reflex block m spuial centers of n frog nerv e- 
musclc preparation occurred above 29°C and below 14°C (Oiorio do Almeida, 
1943) 

General couraiusons nnua action in HosiEoniCRMa Atm u. roikilo- 
Inasmuch as there ia a body temperature difference of almost 20“C 
between mammals and frogs at room temperature, a companson of pbarmacody - 
bamic effects m the two groups of animals yields data w hich depend m part upon 
the temperature difference Such data are, m general, difficult to ov^uate be 
tauso of spedes differences. 

^^’^lane Poisoning from seeds and galenical preparations of meadow saffron 
\"okhiatm aulumnale), and from catmg tho leaves as salad, led Jacobj (1890) to 
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undertake a more complete pharmacological mvestigation of the active alkaloic 
colchicme, than had previously been made He found that colchicine vas fa 
more toxic m mammals than m frogs Earher workers (cited hy Jacob]) ha 
found lethal doses to be extremely variable m both amphibia and mniriTna' 
because of the use of impure and partially oxidized preparations Jacob] pn 
pared an oxidation product of colchicme, oxydicolchicme, and found that tl 
action of this substance was qualitatively and quantitatively sunilar in hot 
mammals and frogs He concluded that colchicme itself is relatively non-ton 
and that it is oxidized m the body to the toxic oxydicolchicme In the frog, i 
low temperatures, oxidation does not occur rapidly enough to produce tox 
symptoms before excretion has occurred Fuhner (1910) and Sanno (1911) four 
that the toxicity of colchicme m frogs {R esculenta) was 400 to 500 tunes as gre 
at 32°C as at room temperature (about 20°C ) Frogs mjected with colchiOD 
and mamtamed at room temperature showed no toxic symptoms during sevei 
days, but died upon bemg warmed to 30-32‘’C 
In mammals the 83Tnptoms of colchicme poisonmg are not observed until 3 
6 hours after mjection (Jacobj, 1890), and this latent period is not marked 
shortened by mcreasmg the dose In frogs, at 20°C death occurs after 14 da 
and at 30°C after 48 hrs (Fuhner and Breipohl, 1933) 

In later experiments the fatal dose for frogs at 20°C was found to be 1 3 mg 
per gm , while m mice it was 0 003 mgm per gm (Fuhner, 1932) The fa1 
dose for frogs at 30°C was found to be 0 003 mgm per gm (Fuhner and Br 
pohl, 1933) The stnkmg parallelism between the mcrease m toxicity m wai 
compared to cold frogs, and m mice compared to cold frogs, suggests that t 
temperature of the body is the chief factor mfluencmg toxicity The more raf 
conversion of colchicme to the toxic oxidation product appears to be a satisfi 
tory explanation for the results obtamed 
Mussel -poison Frogs are much more resistant than are mammals toward t 
paralytic sheU-fish poison from mussels {Myiihis Califomianus) (Pnnzmet 


Sommer and Leake, 1932) 

Miscellaneous substances Fuhner (1932) made an extensive senes of 
sons of fatal doses of vanous drugs m frogs and mice The temperature dmi 
ence between the two groups was about VJ°C He found that methylguani ^ 
synephrme, phenol, cafiE'eme, resorcmol and nupercame were more toxic m 
frog than m the mouse, the ratio of fatal doses (frog/mouse) ranged from 0 
0 8 Histamme, procame, chloral hydrate, pyrocatechm, bydroquinone a 
camphor were approximately equal m toxicity m the two groups of ammfi 
Acetylchohne, ammopyrme, picrotoxm and sodium cyamde were more tone 
the mouse than m the frog, with ratios rangmg from 2 to 6 5 Epinepbrme 


about 60 tunes as toxic m the mouse as m the frog 
A number of drugs produce central nervous system stimulation m o 
therms, but produce depression m frogs Sodium 1,3-dimethyl-buty 
barbiturate produces convulsions m homeothenns (rmce, rats, guinea 
bits, cats, dogs, monkeys) but only depression m poikilotherms (frogs an ^ 
(Swanson and Chen, 1939, Enoefel, 1945) Sodium l-methyl-aUjd-iso 
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thiohaibiturata acts in a amHar manner (Swanson, Fry and Reagan, 1916) 
Cocaine (J A. Gunn, 1937) and harmine (Chen and Chen, 1032) likowise are 
ccmvidsants m homeothenns and depressants m poddlotherma Harmine is 
about twice as torno in mice at an environmentnl temperature of 40°C as at 20°C 
(Chen et al^ 1943b) 

Em;CTSOFDnuasDUjiD,QHiBERNAnoN The body temperature of manunals 
dnnng hfbenmtion falls to a level only slightly above that of the environment 
Difieiences observed m the effect of drugs in anlmaln dunng hibernation and the 
effects m animals at body temperatures of 37-39°C may be m part accounted for 
m the basis of the difference in temperature Such a comparison is, however, 
complicated by physiological changes occurrmg durmg hibernation, e.g., acidosis 
(Stormont et al , 1939) 

In 1899 Koenmek reported results of the subcutaneous administration of 
rttychnine, picrotoxm, muscarina, ptlocarpme, oaffeme and apomorphme to a few 
hibetnatuig bats (Nannttgo Pipttbdlut) caught in the cellar of the Marburg 
castle At an environinental temperature of 6-7*C the effects were somewhat 
dower m appearing than m non-hibemating animals, but the actions were quah- 
laUvdy sunilar Koenmek reported that hibernatmg bats tolerated larger doses 
of tetanus tosm than did bats which were not hibernating His data for the other 
substances are not sufficient to penmt quantitatrve oompanson with annuals at 
normal body temperatures Hausmann (1906), using larger numbers of bats 
(Tcjpoujo noetxda) found that edehiome, saponm, tanmn and abnn produced 
death much more rapidly m bats which were active than m hibernating bats. 
Istger doees of colohioine were tolerated by the hibernating animals Marmots 
injected with tetanus toxm showed no symptoms of tetanus while hibernating, 
but developed tetanus upon awakening (Billinger, 1896) 

Marmots durmg hibernation were about as senntive as non hibernating ani 
laals to the effects of cobra venom, diphtheria and tetanus toxm and mocnlation 
with parasites, the effects were slower m developmg m the hibeniating animals 
(Blanchard, 1903) 

BecenUy Pfeiffer, Foster and Slight (1939) carried out a more extensive study 
of the effects of a number of analeptic drugs on the thirteen lined ground squirrel 
(Citeffua tndaendtneaha) Active ammalB were at a body temperature d 32- 
^0^ , while hibernating the body temperature of the squirrels was d-lO'C 
lethal and convulaant doses were deternihied m the awake and hibernatmg am- 
inala for ephednne, neo^ynephrme, epmephrme, bensedrme, cocaine, plcrotoxm, 
metraiol, coramine, caffeine with sodium benzoate and strychnine It was found 
f tot ca ffejne and strychnme were 8 and 10 times, respectively, more toxic in the 
^^uiating animals than in active ones, probably as a result of the high blood 
PGOi in hibernation. Asphyxia renders normal nnimfllH more susceptible to 
strychnmo convulsions Epmephrme produced convulsions m hibernatmg ani 
only Clomo convultions, produced by coramine for example, were well 

tinted by the hibernating animals, and persisted for 2-3 days CcmvuIsionB 
proceed l)j Btiyohnmo were poorly tolerated. 

The effect of vanous drugs in awakening animals from the hibernating state. 
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and their relative efficiency (cf Pfeiffer et al , 1939) are not inthin the scope of 
the present review 

DiGrTALis AND RELATED SUBSTANCES Poikdotherms Ever since attempts 
were made early m this century to use frogs for the bioassay of digitalis, imnons 
mvestigators have recognized that season and temperature are among the factors 
influencmg the sensitivity of frogs to the cardiac action of the digitalis glycosides 
In the early work, part of the “seasonal vanation” was undoubtedly due to tem- 
perature, but later results mdicate a seasonal variation mdependent of assay 
tempierature Focke (1907) was one of the first actually to demonstrate them 
fluence of temperature upon the sensitivity of frogs He found that by varmrng 
frogs m v mter ho could morease their sensitivitj’’ to about that of summer frog” 
In the next few years Edmunds and Hale (1908), Hale (1911), Gmzberg and 
Hohlberg (1913), Vanderkleed and Pittinger (1913) and Gottheb (1914) all recog 
nized the importance of temperature in the frog method of bioassay of digitalis. 

Baker (1912), usmg the 1 hour frog method (cf Munch, 1931 for this and 
other methods of bioassay), found that from 10° to 30°C there was a progressive 
decrease m the minimum systohc dose (blSD) of both ouabain and digitalis 
Haskell (1914), usmg Houghton’s lethal method, obtamed similar results Both 
found that the difference in toxicity of ouabam with change in temperature was 
greater than that of digitahs The MSD of digitoxm, determined by the 1 hour 
frog method, was found to be 13, 9 and 8 mgm per kgm at 10°C , 20°C and SOT 
respectively (Roth, 1916) Weese (1936, p 20) gives lethal doses for frogs of 
digitoxm, gitahn, ouabain and strophanthm-k, detenmned by Houghton’s lethal 
method, at 15°, 20° and 26°C which also clearly demonstrate mcreased toncitr 
at higher temperatures Goldfish died more rapidl}’’ m warm digitalis solutions 
than m cold ones (Pittinger and Vanderkleed, 1915) SoUmann et al (19J5) 
detenmned the MSD of ouabam by the 1 hour frog method over the range 3 to 
30°C , and found that the toxicity mcreases markedly with mcrease m tempera 
ture At 3Ht°C the MSD was 26 1 mgm per kgm , while at 26°C it was only 
0 3 mgm per kgm The mcrease m toxicity per degree of temperature mcrease 
was much greater at the lower than at the higher temperatures Hirschfeld^ c 
al (1920) extended these observations on frogs as high as 36°C and found m 
creased toxicity of digitahs from 30° to 36°C Higher temperatures cannot 
studied usmg frogs because of excessive mortality of controls at these temper 
tures SoUmann et al (1916), Roth (1916) and Defandorf (1933) 
that differences m rate of absorption at different temperatures complicate ® 
interpretation of the results obtamed on mtact frogs Smith and McC 7 
(1925) circumvented the compheatmg effects of temperature upon 
rate by mtravenous mjection of digitahs m frogs They found that ’ 

25°, 30° and 37°C (body temperature) the MSD for an mtemational dip 
leaf powder was 740, 400, 300, 260 and 80 mgm per kgm respectively 1 
although rate of absorption may vary with temperature, a large part of the 
ence found is due to a more direct effect of temperature upon the action o 

tails . 

Curves relatmg tempierature to MSD for ouabam (Baker, 1912, SoUmann e 
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1915) and for digitalis (Smith and McClorfq^, 1925) arc airmlar m shape On the 
baas of temperature effects there is therefore no reason to beheve that tho fun 
domental action of these two substances is different, as had been inferred from 
a comparison of their effects following mjeotion into the Ijrmph sac (cf Smith and 
Medoeky, 1926) Ehfferences m rate of absorption of the two drugs apparently 
led to the differences obtained by Baker (1912) 

Chen et 6l (1943a) have recently determined the effect of temperature upon 
the LDh of two other digitalis-like substances oymarm, the active glyooade 
from Canadian Hemp (Apo^/nimi), and coumingine hydrochlonde, an alkaloid 
from Eryiltrophlocttm eoummga They were studied m R ptpwis over the tern 
perature range 13® to 33®0 Coumingine hydrochlonde was approximately 6 
times as potent at 33®C as at 13®C , while oymann was about twice as active at 
the higher temperature 

Itf^aied heart Trendelenburg (1909) noted that with strophanthm k and 
antiarm (from Antiana toxicana, the Upas tree of Java) the tunc required to 
produce aystohe standstill of the isolated (Straub) heart mcreased as the tempera 
tore was lowered This observation has been confirmed and tho data extended to 
other drugs of the digitalis senes. This work was done chiefly by Weiasficker 
(1913) and SoUma nn et al (1916) uamg ouabam, Fischer (1928) using digitoxm 
and gitoGogenin, Gander (1933) usmg gitalm and its aglycone gitahgemn 
H. Fischer (of Weese, 1936, p 127) in a series of studies of digitalis-hke sub- 
Btances on the isolated frog heart, separated tho bmdmg of digitalis by the heart 
muscle Into several phases I — membrane phase, 11 — fixation phase, III — action 
phase The mfluence of temperature upon phases n and III was studied in 
order to detennmo whether or not these were chemical m nature Fixaticm 
occurs more rapidly at higher temperatures (v Iseckuta, 1914, SoUmann et al , 

1916) The Qu for the process of fixation (phase 11) hes between 2.3 and 3 8 for 
digiU^ (Fischer, 192S>-and gitalin (Gander, 1032) The Qn for the rate of 

of the same general magnitude (2-3) for digitoxin, gltoxi 
E^nin (Fischer, 1928), gitalm and gitahgenin (Gander, 1032) On the basis of a 
Oil (rf 2 to 3 the proocsses of fixation and of action m producing systoUc gtindstiU 
are therefore beheved to be chemical, rather than physical, m nature 
The Oil of the time required for tho production of SYstolic standstUl of the frog 
^Wt by ouabain vaned from 0 1 to 17 (SoUmann et al , 1916) The activity 
^ dependent upon both temperaturo and heart rate, tho high Qit \'Blue8 were 
accounted for on the basis of a summation of the effect of temperature upon both 
WouBfloker (1913), however, maintained tho heart rate constant, 
Mid obtained data showing that the rate of action of digitalis increases with m 
in temperature Fischer (1028) found the action of temperature in 
mcrensmg the rate of action of digitoxm largely independent of tho effect of 
temperature on the heart rate and amplitude The effect of temperature on the 
mto of fixation and of action was not dependent upon the calcium content of tho 
Umger solution (Fischer, 1928) 

The concentration of drug necessary to produce systoho standstiU in a gtren 
me also decreases with mcreaso m temperature for strophanthm k (Trcndelcn ^ ' 
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burg, 1909), ouabain (Sollmann et al , 1915), digitoxin, gitoxigemn (ilscl 
1928), gitalin and gitaligenin (Gander, 1932) Likewise, the lowest concen 
tion of drug which will produce ^stohc standstill (Grenzkoncentration) is lo 
at higher temperatures, not only m the perfused frog heart, but also when sfc 
of frog heart smus are used (Mansfeld and Horn, 1928) On the embry( 
chick heart Paflf and Johnson (1938) found that a given concentration of oual 
produced A-V block more rapidly at 38°C than at 28° or 20°C Block prods 
with 1 600,000 ouabam at 38°C could be made to disappear by reducing 
temperature to about 20°C 

In the isolated perfused rabbit heart, ouabam produced complete arrest n 
rapidly at higher temperatures (J W C Gunn, 1914) At a given temperai 
and a given strength of ouabam solution, differences, m rate of action were 
tamed by varying the rate of coronary perfusion Gunn beheved vanatioi 
rate of blood flow to be responsible for the temperature effects However, 
effect of temperature was still evident m the figures given when the rate of c 
nary perfusion was constant 1 600,000 ouabam, 218 cc stopped the heart u 
mm at 30°C , 220 cc stopped the heart m 21 mm at 40°C 
In general the results obtamed on the isolated perfused heart are m agreen 
with those obtamed on mtact frogs In both types of preparations the mten 
of action of cardiac glycosides mcreases with mcrease m temperature 
Homeothenns The effect of temperature upon the action of digitalu 
homeotherms has been e'ttensively studied only durmg hyperthermia In n 
and m some experimental work where fever was produced by toxins or infectii 
the effect of temperature may be complicated by the action of toxins on the h( 
(cf Weese, 1936, p 233, McGmgan, 1938) 

Jamieson (1915) reported the same lethal dose of ouabam m cats infected t 
pneumoma as m normal animals, but the body temperature nse m the mfet 
animals was usually less than 1°C Herzog and Schwartz (1930) found that 
lethal dose of strophanthm was greater m cats and rabbits with fever thai 
normal animals The isolated heart of the aimnnlH with fever was stopped 
approximately the same dose required to stop the heart of normal ammals, so t 
the authors concluded that the lower sensitivity of the mtact animals with fe 
was of extra-cardiac ongm Weese (1932) however, reported a decreased se 
tivity of the isolated heart to strophanthm only when the heart of an animal v 
fever was perfused with blood from animals with fever He attnbuted the dif 
ence to cardiac and humoral changes resultmg from the fever 

Data m which the results are not comphcated by the presence of toxins do 
confirm the results of Herzog and Schwartz The lethal doses of tmctuK 
digitahs, m anesthetized cats warmed by immersion m water, were found to 
0 94, 0 78 , 0 59 and 0 375cc per kgm at body temperatures of 38, 41 , 42 and 43 
respectively (Hirschfelder et al , 1920) McGmgan (1938) administered digi ^ 
m divided doses to dogs under barbiturate anesthesia The MLD m con 
animals was 123 mgm per kgm , while m nmmalH m which h 3 qjerthermia 
mcrease m temperature = 3 25°C ) w'as mduced by the administration o 
trophenol, the MLD was about 73 per cent of the control In further exp 
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ments, m Mbch hyperthermia was induced by diathermy, the MLD at 40°, 41°, 
42°, 43° and 44°C amounted to 82, 81, 66, 61 and 60 per cent of the control re 
spechvaly Slowing of the heart rate was produced by digitahs during hyper 
thennia 

The thempeutio imphcations of these expenments are evident The tachy 
cardia m fever is chiefly the result of the direct effect of temperature upon the 
heart muscle Although slowing of the heart may be produced by digitahs, this 
may he obscured by the speedmg of the heart resulting from nse m temperature 
Larger doses of digitalis cannot, however, be tolerated, smoe lor each 1°C nso m 
temperature the tonoity of digitalis is moreased 10 to 16 per cent Both Hirsch 
felder et al (1920) and McGuigan (1938) caution against the use of large doses of 
digitalis m fever 

Compantons between hameoOterme and potkHotherme The very great differ- 
ence between the fatal dose of digitalis glycosides and pharmacologically related 
Bubstancea in the frog and m the cat or dog is evident from the foregomg discus- 
Hon McGuigan (1938) cites fatal doses of digitalis m the dog ns 100 mgm per 
Igm and in the frog as 600 mgm per k gm , and attnbutes much of this difference 
to a difference in body temperature Ftihner (1931) reported that ouabam and 
cymann wero mare toxic m the frog than m the mouse, but this discrepancy is to 
be accounted for on the basia of the well know n lesistanco of mice (and rats) to 
digitoha-lika substances (of Chen and Rose, 1942) Cats, rabbits and guinea 
pigs (Chen and Rose, 1942) are much more susceptible to the action of cymann, 
ouabain and coiimingine hydrochloride than arc Leopard frogs (R piptem) or tree 
frogs (Hyta ctnerea cinerea) (Blair, Hargreaves and Chen, 1940) Smeo the frogs 
were studied at 20°C , there was a body temperature difference of about 17°C 
between the homeotherms and poikilotherms. This may account for a largo 
part of the difference m senativity Slow absorption from the lymph sac m 
frogs may also be important Smith and McClosky (1926) determmed the MLD 
of digitalis In the cat to be 90 mgm. per kgm , by intravenous admimstration to 
frogs (where rate of absorption is not a factor) the MLD was found to be 80 mgm 
per kgm. at 37°C It would be preferable to make such a companson at a body 
temperature of about S0°C for both nnimals, since frogs tolerate 37°C for only 
brief penods. The close agreement between the two fatal doses at 37°C suggests 
tnat temperature is chiefly responsible for the differences m fatal dose found 
between homootherms at 37°C and poikflotherms nt about 20°C 
Centeal nervous sTBTEit sTiuuLAKTS. PoikUciherme Kundo (1860) ob 
served that if frogs w ere mjected with a strychmne solution and placed m w ater 
at 1°, 10° and 31°C , those at 31°C developed convulsions flrst Strychnme 
cmvulaions, produced in frogs at room temperature, disappeared upon plaomg 
the animals m water nt 3rC (Foster, 1873) Blume (1930) found the rate of 
action of Btryohnme m fish {Caraeexus mlgane) to mcreaso with increasmg water 
temperature 

Githens (1913) made a more thorough study of the influence of temperature 
nprm the action of stry ohnme m frogs. With a doso of 0 6 mgm per kgm , con 
vulaons occurred m frogs at all temperatures from 6° to 30°C , while with a dose 



266 


FREDERICK A FtTHRMAN 


of 0 3 mgm per kgm , convulsions occurred only at 5°C and above 24'’C These 
optunum temperatures correspond to the optimum temperatures at which reflex 
activity of the spmal cord of frogs {R iemporana and R escidenia) is reported 
to occur (Storm van Leeuwen and van der Made, 1916) 

Schlomovitz and Chase (1916) and Schlomovitz and Machlis (1926) studied the 
influence of temperature updn the tune of onset of convulsions following strych 
nme administration to frogs (R pipiens) Over a temperature range of 1“ to 
36°C the time between mjection (mto the dorsal lyonph sac) and the appearance 
of convulsions decreased progressively with mcrease m temperature If the 
heart rate was vaned mdependently of body temperature, the tune between injec 
tion and convulsions was only very shghtly changed, so that the results were 
attnbuted to other causes than mcrease m heart rate with mcrease in tempera 
ture It IS likely that at high temperatures an mcreased rate of absoiphoo 
resulted from mcreased circulation m the region of mjection 

Lambruschim (1938) and Penhos (1944) found the LDjo for strychnine sulfate 
m the toad (Bufo arenarum Hensel) to decrease with mcrease m temperature at 
6°, 18° and 35°C the LDso was 120, 50 and 2 5 mgm per k gm respectively 
(Penhos) At 6°C the mterval between mjection and appearance of the convul 
Bions with the LDo was 20 mmutes, while at 36°C it was 6 mmutes Fuhner 
and Breipohl (1933) reported a lower MLD for strychnme m the frog at 30®C 
than at 20°C 

Cast (1943) found a low er fatal dose of strychnme mtrate, given to frogs {R 
temporarta and R esculenia) by the ventral lymph sac, at 29°C than at lower 
temperatures The tune from mjection to the appearance of convulsions was 7 
hours at 2°C and 20-40 mmutes at 29°C This difference, however, was re- 
ported to disappear upon mtravenous mjection, and convulsions then appeared 
immediately m both cold and warm frogs It thus seems probable that differ 
ences m rate of action which have been found after mjection mto the lymph sac 
are due to differences m absorption rates at different temperatures Gast founo 
the time between mjection and recovery from convulsions to be dependent up® 
the temperature For example, with 0 75 mgm per kgm , recovery occurreo 
after 40, 16, 6 and 3 hours at 1°C , 10°, 20° and 29°C In nephrectoraized frogs 
the same relationship between recovery-time and temperature was found as a 
normal frogs so that destruction of strychnme by the tissues was thought to e 
the most important mechanism of detoxification Penhos (1944) found a sbgnoy 


greater mortahty for strychnme m toads after hgation of the ureters 
Strychnme oxide is not effective m produemg convulsions until it is reduced to 
'Strychmne m the body In frogs the latent penod between mjection and aj^ 
pearance of convulsions with 20 mgm per kgm was found to be 2-3 
days, 9-12 hrs and 1-2 hrs at temperatures of 1°, 10°, 20° and 29°C (Gast, 194 
This latent penod was not altered by mtravenous mjection As with strychnine^ 
the time for recovery followmg administration of strychnme oxide was 
low temperatures than at high ones Gast and others reported that at 1 
the convulsions produced by strychnme differed from those at 30°C by ® 
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longer duration, heightened tonus betneen oonvulsiona and lack of “bhtiartig” 
charaotcr 

These diEerenccs probably result from tho effeote of cold upon the activity of 
the nervous system rather than from a different type of notion of strychnine at 
tho lower temperatures. Cold enhances the reflex activity of the spmal cord m 
mammals (Grundfest, 1941) TJsmg smgle frog axons, Schoepfle and Erlanger 
(1941) found that cold lowered the exoitabflity, and moreased the height and 
duration of the spike, but the desoent was prolonged more than tho ascent The 
amphtude of spontaneous oscdlations m exoitabdity was increased by cold and 
by strychnine (Erlanger et al , 1941) 

Other central nervous system stimulants have not reoeived the attention that 
has been accorded strychrune Luohsinger (1878) reported that with picrotoxm 
the tune from mjection to appearance of convulsions m frogs was greater at lower 
temperatures, from 0° to 32°C The fatal dose of piorotoxm m frogs was found 
to bs 9 mgm per kgm at 30°G and 30 mgm. per kgm at 20°C (FOhner and 
Brapohl, 1933) Tho time betivecn mjeotion and death was about 7 tunes as 
Icmg at 20°C as at 30°C 

In the toad {Bufo arenarum Hensel) caffeme, injected mto tho ventral lymph 
sac, was found to be more toxic at 4°C than at M°C (Gdnther and Odons, 1944) 
At 4'C , m tho toad, caffeme produces a marked decrease m unne volumo (m 
contrast to diuresis at 36°C ) and more intense hypertonia than at higher tem 
perature (Gdnther and Odoris, 1944, 1945) The protective notion of the higher 
temperature could not be explamcd cm the baas of moreased excretion, smee only 
about 10 per cent of the total doee was oxoroted by tho kidney at 30°C As 
the authors suggest, tho loiver to.xiCity of caffeme at high temperatures is probably 
duo to the more rapid dotoxificatian (demethylation) of tho drug with inoreaao m 
temperature 

Bomtolharms In rmce, cooled to 20'’O body temperature. Loser et ol (1940) 
found that survival after 3 mgm. per kgm. otrychnme sulfate was prolonged 3 6 
times compared to uncoolod controls. Mortality was greater in the cooled am 
nials (100 per cent) than m controls (72 per cent) Gast (1943) cites unjiub- 
bshed data mdicatmg mcreased toxicity of strychnine m hypothermic mammals 

Cats anesthetmed with barbital were cooled to a body temperature of 20-23°C , 
and the action of analeptics mjected mtravenoudy compared with tho action in 
snesthetued controla at 38“C (Stormont and Hook, 1941) In the hypothermic 
cnhnals the lethal doee of picrotoxm was about twice that m normal animals, the 
tonoity of motrnsol was unchanged, and stryohnine was slightly more toxic than 
m Controls. 

The toxicity of metrntol m mice was not significantly different at a body tem 
perature of 20°C from that at 37°C (Lescr et al , 1940) The tune between 
■ntraperitoneal injection and appearance of convulsions was 11 times as long at 
20'C asatsrc 

Cotamine and lobchne w ere more toxio m dogs under urethane-morpluno anes- 
at body temperatures of 30°C and below than at 38'C (Grosse-Brockhoff 
“d Schocdcl, 1943c) Doses which were active at normal body temperature 
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■were often fatal in the hypothermic animals, and smaller doses were ■mthout 
effect The increased toxicity dunng hypothermia was attnbuted to an m 
creased vagal action (see acetylchohne) Endence of mcreased toxicity of 
analeptics m hypothermic animals has also been obtained by Jansch (1943) 
These and other analeptic drugs were meffective m “awakemng” animals during 
hypothermia (Grosse-Brockhoflf and Schoedel, 1943c) 

Caffeme with sodium benzoate, mjected subcutaneously m mice in a dose of 
178 mgm per kgm , was less toxic at an en-vnronmental temperature of SO^C than 
at 10°C (Gunther and Navarro, 1946) 

Central nervous system depressants Poihibtlienns and isolated prepare 
tions One of the experimental findings which forms the basis of the Meyer- 
Overton theory of narcosis is the parallel change m partition coefficient and 
narcotic action -with change m temperature reported by H H Meyer m 1901 
Meyer found, usmg tadpoles, that a nse m temperature (from 3“ to 30°C ) in 
creases the oil/water partition coefficient and the narcotic action of chloral 
hydrate, ethyl alcohol and acetone, on the other hand, a nse m temperature 
decreases both the partition coefficient and narcotic action of sahcylamide, 
benzanude and monoacetm Similar experiments have been performed by 
others Although some of the results are conflictmg, the weight of the e'vidence 
confirms and strengthens Meyer's results Henderson (1930) has renewed this 
subject and cited the more pertment papers, references to the mfluence of tem 
perature upon alteration of surface tension by narcotics are also given Recently 
McElroy (1943) has reported the effect of temperature upon narcotic action 0“ 
the case of lummous bacteria) and has discussed the relationship of hpoid boIu 
bihty and enzyme denaturation to narcosis 

The rate of action of ethyl alcohol and chloroform as a function of temperature 
was mvestigated by Veley and Waller (1910) on isolated frog muscle The data 
were found to yield straight fines when the loganthm of the decrement of tune 
for complete mhibition of contraction was plotted as a function of the loganthm 
of the mcrement of absolute temperature (cf B^ehrddek, 1935) The Qio 
the inhibition of muscle contraction was 2 04 for alcohol, 1 63 for chloroform an 


2 0 for ether (Waller, 1909) 

The temperature characteristic (fi) for oxygen consumption of the newt un^ 
chloretone anesthesia was the same as m unanesthetized animals, it was alte 


under pentobarbital anesthesia (Gordon and Pomerat, 1942) 

Toads at 3°C tolerate doses of morphme sulfate which are fatal at 20° or 30 
(Lambmschmi, 1938) In general the fatal dose 'vias found to decrease wi 


mcrease m temperature 

The effect of temperature upon the toxicity of some other hyTinotics m ogs 
was reported by Richards (1941) The LDeo for paraldehyde was 4 4 
kgm at lO^C , 3 9 gms per kgm at 20°C and 2 5 gms per kgm at 30 C ^ 
LDso for pentothal and pentobarbital decreased with mcrease m temperatum a 
20°, 30° and 35°C However, for these two drugs, the LDso was lower a 


than at 20°C 

Homeoiherms Cameron (1939) reported that rats anesthetized ■with a gi 
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dose of pentobarbital died if placed in a draft during November, but mvnnably 
recovered if kept warm Similar observationa had been made earlier L. Her- 
mann (1867) found that rabbita tolerated alcohol better if they were wanned 
than if they were allowed to cool spontaneoualy at room temperature Brunton 
(1874, 1885) states that death could bo prevented m animals poisoned with chloral 
bywarmmg In the above expenments the animals jvhioh were not warmed un- 
questionably suffered considerable fall m body temperature, smee anesthetics 
suppress reflex responses to cold (Hemmgway, 1940) 

The newborn of moat species of mammals (with the outstanding exception of 
the guinea pig) are more resistant to anoxin than the adults of the species (cf 
Windle, 1943) This is true whether the animals breathe mtrogen or other 
inert gases, or whether gaseous anesthetics such as mtrous oxide or cyclopropane 
are used (Faiekas, Alexander and Himwich, 1941) These authors demon 
itrated that elevation of environmental temperature shortens the survival tune, 
BO that the poiMlothermia of the infant la one of the factors concerned m the 
bettor survival Barrows (1933) found that the survival tune of mice in ether 
vapor decreased with mcreasmg age of the animals, and called attention to the 
relationship between survival and the development of temperature regulation m 
mice as demonstrated by Sumner (1913) More recently Barrows and Dodds 
(1942) determined the survival time of mice of different ages m ether or chloro- 
form vapor at environmental temperatures of 22°, 28°, 36° and 40°C For a 
given age up to about three weeks the survival time mcreases with a decrease m 
environmental temperature, and, smoe mice of this age are casentiall) poildlo- 
therms, survival time mcreases with a decrease m body temperature as well 
In rats 20 mgm per kgm. morphme sulfate was fatal m some animals exposed 
to an environmental temperature of 3°C , but not m animals at room temperature 
(Herrmann, 1941) Fall m body temperature to 23°C m 6 hours at 3°C oo- 
curred so that it is probable that hypothermia was a oontributmg factor m the 
mortality Similnr results were obtamed with paraldehyde and pentobarbital 
In mice coded to 20°C , Leser et al (1940) found the survival time with 360 
aigtn. per kgm. morphine sulfate to be increased m the cooled animals and the 
toiioity shghtly, but probably not rignificantly, moreased. 

Raventoa (1938) earned out the most complete study of the effect of environ 
mental temperature yet reported on the aobon of barbiturates The duration 
of anesthesia produced m mice by mtrapentoncal administration of 100 mgm 
P<s' kgm sodium evipol was 2 6 times as long at 20° as at 30°C and was shorter 
St 40° than at 30°O The HDu (median hypnotic dose) for the same drug was 
39 mgm per kgm at 30° and 46 mgm per kgm. at 20°C , the LDio was the same 
at both temperatures. With sodium phenobarbital the HDh waa 106 mgm per 
»gm at 30° and 90 mgm per kgm at 20°C , the LDio decreased from 234 mgm 
per kgm. at 30° to 162 mgm per kgm at 20°G The difference m the effect of 
l^perature upon the lethal doses of the two barbiturates was accounted for on 
the basis of a difference in time required to produce death With evipal death 
apourred soon after mjection, before body temperature of the mice was reduced, 
with phenobarbital death occurred 3 to 24 hours after mjeotion at a time when 
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the body temperature of the animals reached that of the environment, so that 
hypothermia was a contnbutory cause of death m the case of animals given 
phenobarbital and exposed to 20°G Raventos emphasizes that part of the dis- 
crepancies which have been previously reported m both lethal and hypnotic 
doses of barbiturates are due to failure to control environmental temperature 
Gaylord and Hodge (1944) reported that m both normal and castrate female 
rats given 30 mgm per kgm pentobarbital subcutaneously at 13°, 23° and 37°C , 
the duration of sleep mcreased with decrease m environmental temperature 
The reports of Cameron (1939) and Gaylord and Hodge (1944) usmg pento- 
barbital, and of Eaventos (1938) usmg evipal, mdicate that rats and imce deep 
longer with a given dose of the barbiturate at lower environmental temperatures 
Smce, m anesthetized animals (particularly m mice), the body temperature falls 
rapidly toward that of the environment, this difference m sleepmg time may be 
due to a decreased rate of detoxification of these barbiturates at the lower tem 
peratures Since it is knowm that all common barbiturates, with the exception 
of sodium barbital, are largely detoxified m the body (Masson and Beland, 1945), 
it would be desirable to compare the sleepmg time of mice at different tempera 
tures usmg barbital and one of the rapid-actmg group such as pentoharhital 
This was done m this laboratory (Fuhnnan, 1946) Forty six white mice weigh 
mg 14-30 grams were mjected intrapentoneaUy with 37 5 mgm per kgm sodium 
pentobarbital or 290 mgm per kgm sodium barbital They were mamtained at 
room temperature (25°C ) imtil anesthesia developed, then half of each group 
were cooled to a body temperature of 27°C , and half were wanned to a body 
temperature of 37°C With sodium pentobarbital the mean sleepmg time at 
37°C was 17 5 mmutes, while at 27°C it was 61 8 minutes Ihe difference 
between the means was significant (P < 0 0001) Withsodium barbital themean 
sleepmg time at 27°C was 331 6 mmutes, while at 37°C it was 314 5 minutes 
The difference betw'een these means was not significant (P < 0 2) 

These data are m agreement with the hypothesis that for a drug which m 
chemically detoxified by the tissues (pentobarbital) the action is prolonged 
hypothermia, while for a drug which is not detoxified (barbital) the duration 
action may not be influenced by low body temperatures 

ETHTii ALCOHOL METABOLISM The rate of alcohol metabolism m the frog ( 
temporana) increases with mcrease m temperature, yieldmg a Qio of 1 97 over 
range 1°C to 29°C (Nicloux, 1931) In 24 hours 14 7 per cent of the alcohol 
administered was metabohzed at 1°C , while 97 per cent was destroyed at 29 
These data are consistent with the view that alcohol is oxidized enzymatic y 
(chiefly m the liver) and that reduction m the temperature at which the oxidation 
occurs results m a slowmg of the rate of oxidation , 

In homeotherms the rate of metabohsm of alcohol is higher m small anim 
with high metabohc rates than m larger animals (LeBreton, Nicloux and Shae 
1935, Newman and Lehman, 1937) In a given species, how'ever, attemp 
increase the rate of alcohol metabolism by mcreasmg the metabolic rate wi 
thyroxm (Widmark, 1935, Harger and Hulpieu, 1935), dmitrophenol 
and Tamter, 1936^ or by exposure to a cold environment (LeBreton, 19 1 
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not Buccecd in significantly altering the rate of combustion of alcohol By eleva 
tioa of body temperature by means of diathermy, slight increases in rate of 
metabolism of alcohol have been reported (Fleming and Reynolds, 1935, Ewing, 
1940) The increase in temperature obtamed was so small that changes m rate 
of alcohol metabolism are difficult to demonstrate Fuhnnan and Pubrman 
(unpublished) detenruned the rate of metabolism of alcohol m rabbits at body 
temperatures of 38°, 30°, 27^° and 26°C after intravenous mjection of 0 78 
grams perkgnn alcohol The rate of combufition of alcohol m all of the hypother 
mic ammalfl was lower than that at normal body temperatures, the rate of com 
bustlon was 100 mgm per kgm per hour at 25°C compared to 168 m gm. per 
kgm. per hour at 38°C These data, taken together with those demonstratmg 
failure to morease the rate of combustion of alcohol by an mcrease m metabohc 
rate, show that m homeotherms, as well as m poikilotherms, the rate of alcohol 
metabdism is dependent upon body temperature 
Diniteofhenol, The calongemc effect of 2-4 dmitropbenol has been reported 
to be less apparent in homeotherms at low environmental temperature than at a 
temperature m the neighborhood of thermal neutrality (Magne, Mayer and Plan 
tefol, 1932, Giaja and Drmtnjevio, 1933, Tamter, 1934) At low environmental 
temperatures animals injected with large doses of dmitropbenol may become 
hypothermic Tainter (1934) found that the body temperature of rats given 30 
mgm. per kgm- dmitropbenol fell 4 1°C m 4 hrs, at 2°C air temperature, com 
pared to 1 6°C fall m controls G J Fuhrman et al (1943), usmg mice at 0°C 
found that 60 mgm. per kgm resulted m a fall in btxly temperature to 21-22°C 
and death of the animals withm one hour 
G J Fuhrman et ah also reported the BDio of 2-4 dmitropbenol administered 
subcutaneously m mice at different environmental temperatures to be 36 7 mgm 
per kgm. at G^C , 30 9 mgm. per kgm. at 25°C , and much lower yet at 40°C 
Body temperatures of the mice fell at 6°C and 26°C 
In order to elucidate the influence of cold upon the calongemc effect of dimtro- 
phenol, HaU et al (1937) mvestigated its effect upon avygen consumption and 
shivering In anesthetised cats rendered hypothermic by immersion m cold water 
In the hjTKJtbenmo cats dmitropbenol greatly decreased or abolished shiveiing 
^ spite of the continuation of conditions normally evokmg shivernig Thus 
dinitrophend depresses the meohamsm for chemical defense against cold When 
allowance was made for the oxygen cost of shivering it was shown that the 
calongemc action of dinitrophend on the cat was augmented by hypothermia, 
and that the mtenaty of the calongenic effect was greatest over the body tern 
perature range 33° to 35°C Subsequent work of Hall and Chamberlm (1937) 
^femonstrated a ijmergic calongenic action of dinitrophenol and epmephnno when 
the latter was infused mtravenoudy at a physirfogical rate Epmophnne secre- 
rion during hypothermia was suggested as a major factor m enlmncenaent of 
dimtropbenol action m hypothermic animfllR. 

Hall et ah (1937) suggested that the dopressum of shivering by dmitropbenol 
^as of centrU ongln and that "should dimtrophend increase the local cellular 
nietaboliBm of the portion of the gray matter constituting the beat regulatory 
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center, to a sufficient degree, its threshold of excitation by cooled blood or by 
receptor impulses would be mcreased It would result that the center wouli 
thermostatically adjusted to regulate at a lower body temperature than norm 
Evidence for such a hypothesis was provided by Fuhrman and Field (1942) 
found that the maximum stimulation of oxygen consumption of excised rat ( 
bral cortex by dmitwpbenol occurred at 32°C Thus m excised rat brain an 
the mtact cat the maximum stimulation of oxygen consumption by dinitroph 
occurs at approximately the same temperature In other excised tissues 
temperature at which maximum stimulation occurs is different, 22'’C foi 
kidney cortex (Fuhrman and Field, 1942) and 35°C for rat skeletal nn 
(HoUmger, 1944-45) 

Hormones Epinephrine Langlois (1897) observed that the increas 
heart rate of the turtle, produced by epmephnne, persisted longer at 15°C ' 
at 37°C He then found that the response to epmephnne mjection in mam: 
was prolonged m an animal cooled to 35°C (Langlois, 1898) A sunilar prc 
gation was noted by Lewandowsky (1899) for the dilatation of the cat’s p 
Elhott (1905) sought an answer to the question of whether this prolongation 
due to a delayed disappearance of epmephnne or to alteration of the muscle 
result of the reduced temperature He concluded, from experiments with 
local and general coolmg, that coolmg mcreases the duration of contraction 
muscle, but that the contraction produced by epmephnne administration is 
longed beyond that of the cooled controls McGuigan (1938) reported 
mcrease m blood pressure of dogs m response to epmephnne to be less at 
peratures above normal, but did not attnbute the change m response to a i 


rapid destruction of epmephnne at the higher temperatures 

The effect of temperature upon the response of the mctitating membrau 
the cat to epmephnne was mvestigated by Fuhrman et al (1944) They fc 
that, for a given dose of epmephnne, the response of the mctitating memb 
became progressively greater as the body temperature was reduced Over 
temperature ran^ 12 9'’C to 42 3°C the loganthm of the duration of coni 
tion of the mctitatmg membrane was a hnear function of the temperai 


Regional warming of the hver of hypothermic cats (by means of long wave 
thermy) without change m either rectal temperature or temperature of the r 
tatmg membrane, shortened the response of the membrane to a given dos 
epmephrme At reduced levels of body temperature ventncular fibrillation 
produced by doses of epmephnne which produced no evidence of cardiac irr 
lanty at higher temperatures These results n ere mterpreted to mean tha 
enzymatic detoxification of epmephrme is slower at low temperatures, a gi 
dose therefore, produces a longer and more mtense action dunng hypother 
than at normal body temperature In agreement with this view the fatal os 
epmephrme m frogs is greater at 20°C than at 30°C (Fuhner and Breip 


1933) 

In contrast to these findmgs on mtact animals, a number of experunen 
isolated heart and blood vessels have shown that the maximifm 
epmephrme is exhibited at about 37'’C On the isolated rabbit heart the ac 
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of eplnephnne ■mia reported to be greater at 37® than at 18°C (Panella, 1907) 
The amplitude of contraction of the perfused frog heart was increased more at 
temperatures above 18°C than below (Sprmceana, 1915) The rate response 
of the perfused frog heart to epmephrme mereased with mcrcase in temperature 
(Barlow and Sollmann, 1920) The optimum temperature for action of opmoph 
lino upon perfused mtestmal blood vessels was 37-39°C (Kosuge, 1936) All 
of these experiments differ from those reported above in that no mechanism exists 
for epinophrmo detoxiBoation, since the hver is not a part of the perfumon system. 
In the intact animal, then, the rate of destruction of epmephnne appears to be 
the pnndpal factor determinmg its mtenaity of action 

Imvlm PoiktloOierrm Krogh and Rehberg (cf Maoleod, 1920, Hemmmg- 
sen, 1926) observed that frogs mjeoted with insulin developed oonvulaiona only 
after 4 to 6 days Further mvestigation of the rate of action of msulin m poikilo- 
therms has shoam that the length of the latent period moreases with decrease m 
temperature 

Frogs given 0 46 to 3 imita of insulin developed convulsions at 30°C within 14 
hours and nil died, at lower temperatures death did not result, and convulsions 
dereloped at 26°C m 24-27 hours at 20°C m 43-49 hours, at 16°C in 60-70 
hours and at 7®C m 120-144 hours (Huxley and Fulton, 1924) E-xtrapolation 
to37°C indicated that frogs should develop convulsions in IJ to 2J hours at that 
temperature, this time is not greatly different from that found in rabbits 01m 
sted (1924) confirmed these observations in frogs and later found m toads that 
coniTilaions occurred 18, 24 and 36 hours after insuhn injection at 30°, 25° and 
18°C respecbvely (Olmsted, 1926) In the frog, m which blood sugar was 
elevated by exposure to high temperature (Olmsted, 1924), and in the Bculpm 
{Myoiocephalus), m which the normal blood sugar is low (McCormick and 
Madeod, 1925), insuhn admimstratlon resulted in httle change in blood sugar 
In other poikOotberms, mcludmg frogs, turtles, snakes, fish and the Cayman, 
“isolm produced hypoglycemia after several hours (Sordelli, Houssay and 
Maaocoo, 1923, Houssay and Rietti, 1924, Mann, BoUmann and Magath, 1924, 
Bemmingsen, 1926, Barlow, Vigor and Peck, 1931) In the brown trout (Sofma 
/am) at 4®C , and the menhaden {Brevooriia lyrann'M) and scup {Staxotomus 
Crysops) at 19 6°C , insuhn produced a marked fall in blood sugar, and convul- 
Bicms developed approximately 24-60 hours, 23 hours and 7 hours respectively, 
after mjection In the puffer {Sphermdes maculatwi) at 19 6®C no convulsions 
observed (Gray, 1928) 

Gray suggests that metabolic rate may be more important than temperature 
fn determining the tune required for the production of convulsions by insuhn m 
fish, since tbe trout at 4°C (convulsions m 24-00 hrs ) may have as high a 
^abolic rate as the catfish at 21®C (convulsions in 61-53 hrs.) Huxley and 
Fulton suggested that the action of insuhn is not itself altered by change in 
temperature, but that ‘fits speed of action is dependent upon the metaboho rate 
uf the animal itself ” Since, for poBcUothenna, the metabolic rate increases 
^th increase m temperature (Krogh, 1941), it is difBoult m this cose to differen 
trnto the effects of metabohe rate and of temperature upon insuhn action In 
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View of the effect of temperature upon the rates of biological processes, it is 
qmte possible that the action of msuhn itself as well as the rate of metabolism is 
directly influenced m a similar manner by temperature 

Homeotherms The action of m mammals is influenced by enwromnen 

tal temperature Temperatures below about 30°C mcrease the metabolic rate 
of homeotherms Mortahty is higher and convulsions appear more rapidly in 
rats and mice after administration of mRulin if the air temperature is mamtamed 
around SO^C than if it is lower (Voegthn and Dunn, 1923, Hemmingsen and 
Krogh, 1926, Hemmingsen, 1939) The CDso m mice is about 80 times as great 
at an environmental temperature of 20®C as at 40°C (Chen et al , 1943b) 
Rabbits, fasted for 18 hours at 33‘’C , mjected with inKulm and exposed for 7 
hours at the same temperature, developed convulsions (Johlm, 1944) \^tli the 
same dose of msuhn and both exposure temperatures at 20°C , convulsions again 
appeared However, when the fastmgpenod was at SS^C and the experimental 
penod at 20°C , convulsions did not appear Blood sugar level was the same in 
all animals The author suggests that hyperventilation at 33°C produced a 
temporary uncompensated acidosis at 20°C which restramed the convulsions 
An mhibitmg effect of high atmosphenc pCOj on msuhn convulsions has been 
reported (McQuame et al , 1940) 

The action of msuhn on homeotherms has also been mvestigated during 
hypothermia Cassidy, Dworkm and Finney (1925a) foimd that m dogs and 
cats (fasted 24 hrs and anesthetized with amytal) msuhn lowered the blood 
sugar with approximately the same rapidity at body temperatures of 38° and 
25°C In some animals at 25°C , however, there was a delay of 40-60 mmutes 
before the fall m blood sugar commenced, but after that time the form of the 
blood sugar curve did not differ appreciably from that at 38°C 

Krogh (cf Macleod, 1924) observed that at room temperature msuhn rarely 
produced convulsions m mice, but only a comatose condition and a fall m body 
temperature, but that if the animals were kept at an environmental temperature 
of 28°C (and a fall m body temperature prevented), convulsions of the usual 
type were seen In dogs and cats with blood sugar below 45 mgm per cent, 
insulin convulsions did not occur at rectal temperatures of 25°C , even though re 
two dogs blood sugars as low as 16 and 36 mgm per cent were found Con^ 
sions did occur when the animals were re-warmed to 38°C (Cassidy, Dwor 
and Fmney, 1925-b) Lowermg of the blood sugar by means of msuhn abolish 
shivermg m hyTiothermic cats and dogs, shivermg could be restored by 
glucose (Cassidy et al , 1925-b) Fowls m which the blood sugar was reduced o 
about 40 mgm per cent by means of msuhn did not at once shiver upon imreer 
Sion m water at 20°C (which produces shivermg m the normal hen), but shivering 
began comcidentaUy with a rise m blood sugar (Cassidy, Dworjan and 
1926) Woodchucks (Arctomys monax), given an amount of msuhn sufficien 
produce marked bypoglycemiB, lose the power of temperature regulation, a ^ 
hypothermia occurs when they are placed m a cold environment (Dworkm 

Fmney, 1927) ^ to 

Tyler (1939) found that the body temperature of rabbits could be reaucea 
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about 28°C in 3 houra by the administration of 3 U /kgm. ^ 

animnla unth alcohol, and placing them m front of a fan U amtnslji^ 
cooled to 26-28"C , then given 0 6 U /kgm. insulm I V., the iatn( tafl 
sugar was about the same aa in animala at normal body temperature | 
hours were required for it to return to normal in the cooled ammals as com 
to 3-6 hours in uncooled controls This prolonged hypoglycemia may be 
decreased glyconeogeneas at low temperature or to a prolongation of "'u 
action Survival after massive doees of insulin was prolonged at body tem^” 
tures of 25°-30°C The hypotheas was offered that both the mcrcase 
survival period and the inhibition of convulsions in cooled animals tecerm^ 
insulin are the result of the decreased metabolic rate and the subsequent d^ 
creased demand for substrates by the vital centers of the bram CTyler losoi 
Brain damage occurred eariier m oata rendered hypoglyeemlo by mmibn 
body temperatnre was high than when very marked falls occurred This w 
mvcstignted more completely m cats which were mamtained at bodj tcmne 
hires of 3r-34°C or 36°-39°C (Tyler, 1940) The extent of bram dai^ 
(determined histologically) was greater in those at 3B'-3D“C for a gira 
of hypoglycemia than m those at 81‘’-34°C When the body tempenhire 
maintamed at normal levels it was oonaidored that a greater relatrre degree'^ 
tissue anoxia resulted than when the temperature was permitted to fall, ^ 

Smee the mechanism of production of insulin convulsions is not dtSisj., 
known (cf Jeusen, 1938, p 167), the reason for prevention of ccevnVm^ 
hypothermia is not clear It seems probable that oonvulaons occo tt 
glucose ooncentrations of essentially rero (Dotti and Hrubeti, KtSSjaafii™ 
they thus depend upon failure of carbohydrate supply to the hjg « 

1938) At low temperatures, when bram metabolism is greatly roi*jj 
dons may be prevented by substrate concentrations inadequate 
at normal body temperatures 

Thyrmd Unfortunately the offeot of thyroxm or thyroid admicji^ 
not been thoroughly studied m homeotherms at body temperatiiq^^ ^ 
normah O’Connor (1986) reported that thyroid increased the 
tlon of anesthetiied, curarued rabbits about 60 per cent at all 
from 22° to 39°C Other workers hav e reported chiefly the’ijjj^^ 
meats at varied environmental temperature, w bich has a maike 
survival tune of mammals treated mtb thyroxm or deaiccatetl ^ Ih 
and Kinney (1919) reported that rats given 0.2 gram of thyroH 
tlays at an environmental temperature of 32°C , for 22 day^al " * 
days at 18°C At 33°C environmental temperature rabbtoi^ for 31 
given 60-76 mgm per kgm desiccated thyroid daily, whSI.^^ when 
»ei^t is mamtamed praise and Tatum, 1932) Mora bodv 

^ nature are given by Bodansky, Pilcher and Duff (lQ20h amu" 

P^od of survival of rata given 2 mgm thyroxm daily mcrofiii] -^t tK 
cnvutmmcntal temperature Demp8e> and Astwood 
h^ted with Ihiouracil, that daily doses of 9 5 micrc^rant^ 

1 7 micrograms of thyroxm doily were required to mainta3|!|fcp^n=^ ' i 


266 


FREDERICK A FUHRMAN 


roid gland at environmental temperatures of 1°, 25° and 35°C respectivdy 
Guinea pigs, given 0 3 mgm thjnroxm daily, showed a greater mcrease in rectal 
temperature than did untreated animals when placed at a high environmental 
temperature At the high temperature COj production mcreased in the thy 
roxm-treated animals and decreased in normal animals (Okamura, 1939) 

In contrast to the marked effects of thyroid or thyroxin m increasmg the 
metabohc rate of homeotherms, the metabohc rate of frogs and small fishes does 
not appear to be mcreased by the administration of either substance (Drerier 
and V Issekutz, 1935, Henschel and Steuber, 1931) Tadpoles of R tmporana 
exposed to thyroid m solution and then placed at environmental temperatures of 
from 3° to 30°C undergo complete metamorphosis only at temperatures above 
5°C (Huxley, 1929) Below 5°C metamorphosis is not complete, even when the 
animals are later removed to room temperature The implications of this finding 
are discussed by Needham (1942) 

Miscellaneous drugs Acelylchohne Clark (1926) reported that tempera 
ture produced no certam effect upon the amoimt of action of acetylcholine on 
isolated frog heart or rectus abdominis An increase m temperature, hov'ever, 
mcreased both the rate of action and the rate of washmg out Laubender and 
Kolb (1936) obtamed s imil ar results on the isolated frog rectus abdommis 

The slowmg of the heart produced by mtravenous administration of acetylcho- 
Ime m dogs was much greater at 25°C body temperature than at 36°C (Tournade 
et al , 1938, Grosse-Brockhoff and Schoedel, 1943c) Arrhyd-hmias frequently 
occurred at the lower temperature with doses which did not disturb the cardiac 
rhythm at 36°C Vagal stimulation, at an mtensity meffective at normal 
temperature, produced marked effects at 25°C These changes were suggested 
as bemg due to a decreased activity of cholme esterase at low temperature 
Acetylchohne, whether mjected or formed as the result of vagal stimulation, 
would thus be present m higher concentration and for a longer penod of tune at 
25°C thanat36°C 

Dicumarol The influence of fever upon the action of dicumarol, as measured 
by prothrombm time, has been studied by Richards (1943) Prothrombm time, 
determined 24 hours after the admimstration of dicumarol, v as five tunes as iMg 
m rats with a mean body temperature of 39 6°C as m rats with a mean b J 
temperature of 37 3°C These data are m accord mth the view that reduction 
m plasma prothrombm level is dependent upon a chemical or enzymatic reaction 
mvolvmg dicumarol , 

Carbon dioxide Frogs werenot anesthetized with 25 per cent COj during seve 

days’ exposure, and were anesthetized only after several hours with 50 per 
CO 2 (Wmterstem, 1919) Narcosis m rats and dogs was produced by H P®'" 

CO 2 at an environmental temperature of 5°C m 3 to 6 hours (Barbour ^ 
Seevers, 1943) At room temperature such CO 2 concentration does not re 
narcosis Body temperature of the narcotized an i m als fell and it was ne ^ 
to raise the environmental temperature after mduction of narcosis lu 0 ® ^ 
prevent death from hypothermia Barbour and Seevers suggest that a su 
mcrease m tissue CO 2 tension decreases total oxidative metabolism an re u 
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activity of the tissues, including the central nervous system At 6°C decrease 
In total heat production results m lowering of body temperature to the pomt of 
narcosis 

Oxygen The effects of oicygen at mcreased pressure have recently been re- 
viewed by Bean (1946) Poilolotherms appear to be more resistant to mcreased 
oxygen pressure than are homeotherma. The toxic action of oxygen at high 
pressure is enhanced by increase m environmental temperature (References and 
details are given by Bean ) 

TeUmu ioxm This toxin is reported to be relatively inactive m frogs at 
room temperatue and below, but to beoome tone upon warmmg the nmmals 
(Courmont and Doyon, 1893) 

Atroi Abrm was reported by Lesn6 and Dreyfus (1908) to be several 
hundred tunes more toxic m frogs at 29“C than at room temperature Gmnea 
pigs mamtamed at an environmental temperature of 39°G were killed bj a dose 
which was not fatal m animals at lower temperatures. 

Atoxyl Atoxyl (sodium arsanilate) was found to be much less toxic m frogs 
than m mammals (Muto, 1910) Sanno (1911) determined the lethal dose in 
frogs at 8°C to bo about 16 grama per kgm and at 37°C to be about 1 3 grama 
per kgm These results may be explamed by the conversion of sodium arsanil- 
ate by the tissues to a more toxic reduction product, a reaction which is more 
rapid at higher temperatures. 

Ifteolmt Hill (1909) deternuned the Qie of the action of nicotme on isolated 
frog muscle to be 2 8 between 7° and 17*C Laubender and Kolb (1930) ob- 
tained a Qi» of 25 This, together with concentration action data, was taken to 
indicate a chemical mode of acUon, but Clark (1937) pomts out that there is no 
guarantee “that at different temperatures fixation of equal quantities of drug 
win produce an equal effect ” 

In mice cooled to a body temperature of 20'’C , mcotme is more toxic than m 
control animals at normal body temperature (Leser et al , 1940) 

Procaine and coeame Procaine, rejected mtramuscularly, was found to be 
most toxic m mice during the summer months (Slevcra and McIntyre, 1937) 
The eHeots of environmental temperature wore mvestigated more completely by 
detemuning the fatal dose m mice exposed to a given temperature ranging from 
about — 10°C to 40‘’C for two hours before rejection The largest minimum 
lethal doses were found in the temperatue range 7 to 24'’C , w ith decrease in 
MLD at temperatures both beiow and above this range Below T’C the body 
fomperature of the mice was probably reduced by the preluninnty exposure 
penod 

In mice cooled to 20°C body temperature, both procaine and cocaine wore 
more toxic than in control amniftlB and the survital time was prolonged m the 
tooled animals (Leser ot nl , 1940) 

Discussion The complexity of the effects of temperature upon the action ot 
ilrugB IS at once apparent from tho foregomg consideration It is however, 
Possiblo and highly desirable to classify tho available data m such a way that 
Kcncral conclusions may bo drawn It is no longer possible to accept without 
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reservation the conclusion of Richet (1889, p 214) “les actions toxiques, 6taiit 
des actions chimiques, vaiient avec le temperature de I’anunal Elies sent 
d’autant plus actives que la temperature de I’animal est plus eievee” As 
BSlehrddek (1935, p 90) clearly pomts out “In the action of various chemicals 
upon h\Tng cells and organisms under vaned temperature, two separate phenom 
ena must be clearly distmguished, viz , (a) the effect of temperature upon the 
rate at which a given substance permeates mto the system or at v hich it produces 
defuute changes m the ^stem, and (b) the vanations of the effective concentre 
tion, or of the final concentration, or of the mode of action, of such a substance, 
with temperature ” 

Rale of action When pharmacologically active agents are administered to 
mtact animals at different levels of body temperature, the rate at which they act 
IS usually measured by the elapsed time between administration and the oc 
currence of a response This latent penod is-determmed (1) by the tune requued 
for the drug to reach the site of action m sufficient concentration to produce an 
effect, and (2) by the time required forthe mteraction between the drug and the 
tissues 

The time between administration and the appearance of effect is very greatly 
influenced by the route of admmistration FoUowmg intravenous administra- 
tion, the effect of temperature upon this phase of action is a result of the effect of 
temperature upon the circulation time In man, dunng general hypothermia, 
the circulation time is found to be two to three times as long as at normal body 
temperature (Oppenheimer and McCravey, 1941) FoUowmg subcutaneous or 
mtramuscular administration, it is to be expected that rate of absorption will be 
dependent upon blood flow^ m the region of mjection Local coohng, operating 
through local reduction of blood flow, is an effective means of delaymg absorption 
Part of the effect of low^ temperature m decreasmg the toxicity of digitahs m 
frogs, when the drug is ad minis tered via the lymph sac, is the result of the slower 


absorption of digitalis at low temperature (SoUmann et al , 1915) 

The effect of temperature upon the rate of mteraction between the drug 
the tissues of the ammal is often obscured by the effect of temperature upon 


and 

the 


rate of absorption This mteraction is believed to be chemical m many m 
stances It is therefore to be expected that the reaction wiU be temperature- 
sensitive, and that the rate at a given temperature wiU be m general about two 
to three times the rate at a temperature 10°C lower (Qio = 2-3) Expenmenta 
data descnbmg the effect of temperature upon the rate of mteraction of dru^ 
and tissues have provided temperature coefficients of about this magm 
(Clark 1937 , BSlehrAdek, 1 935) Although such temperature coefficients ® 
that the actions produced are chemical m nature, it must be remembered t 
changes m temperature produce alterations m the tissues themselves changes 
rate of nerve conduction, metabohc rate, viscosity, etc (cf Clark, 1937, Lu^; 
1908, Samojloff, 1925) There may stdl be doubt, m spite of such tempera re 


coefficients, as to whether the process is physical or chemical 
Intensity and duration of action Intensity of drug action is dependent up 
the concentration of the drug obtammg at the site of action, and upon phyao 
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icsl factors which may alter the response of the tissue acted upon The con 
centration of drug attained in a tissue is the resultant of the processes of ab- 
sorption, excrehon and detoxification All of these processes may be mfluenced 
by temperature, and each may be altered to a different degree The rate at 
which an inactive form of drug is changed mto an active form may also be altered 
by temperature 

The duration of action of a drug is determined by the length of time during 
which a concentration above the threshold level is mamtamed at the site of 
action This is influenced both by the rate of absorption or of actavaticm and 
the rate of excretion or destruction. The influence of temperature upon the rate 
of ahsorphon has already been mentioned. Change in body temperature also 
has a profound effect upon the rate at which a drug is destroyed by the tissues 
Although these detoxifioation processes are m most cases not yet well enough 
understood to describe complete systems, it is clear that for a number of drugs 
(acetanilide, histamme, atropine, eplnephnne, alcohol) these reactions are en 
lymatic m nature (Bemheun, 1942) The short-aobng barbiturates are prob- 
ably also detoxified ensymatically Thus it must be true, in view of the very 
well established effect of temperature upon rate of ensyme action (Suer, 1943), 
that decrease m body temperature will slow the ensjinatic detoxificabon of these 
snhatances, the Qie for such a process should he m the range 2 to 4 Exper 
imental evidence that the dumtion of action of acetylcholine, caffeine, epmeph 
line, alcohol and pentobarbital are markedly mcroased at low body tempera- 
ture levels has been provided In contrast, the action of barbital (which is 
largely excreted m the urme) is not prolonged during hypothermia It is prob- 
able that other examples of this type of temperature effect will be found 

Cddhldne and atoxyl are changed by the tissues to more acbve products and 
thus, by reason of slower acbvation, are less toxic at low body temperatures 

The effect of body temperature upon the rate of excretion of drugs by the 
kidney does not appear to have been mvestigated It is reported that kidney 
function is maintained dunng hypothermia in man (Smith, 1942), so that large 
alterations m urinary excretion by changes in body tempemture may not be 
®*peoted to occur 


Changes m lethal dose with changes in temperature may result from a greater 
effect of temperature upon either rate of absorption or rate of ehmiuabon Van 
ations m lethal doee produced by changes In body temperature are compboated 
at both extremes by the effect of temperature upon the organism For example, 
during hypothermia the summated depressant effects of cold and of anesthetics 
may lead to re^iratoiy failure with lower doses of anesthetio than are lethal at 
Wnnal body temperature 

^^hen the contnbutions of experimental mvestigation of the effect of tempera 
tnm upon drug action carried out dunng the last 60 years are considered, there is 
reason today than there was in 1885 to agree with Brunton that “All-' 
these things show that the d^mbon of the acUon of a drug must bo still 
further modified, and we must define it as the reaction between the drug and the 
vanouB parts of the body at a eaiam Umperalure ” 
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I am grateful to Dr B GOnther for permitting me to cite impublished obser 
vations and to Geraldme J Fuhrman for much assistance in the preparation d 
the manuscnpt 
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LIPINS AND LIPIDOSES 

8 J THANNHATJBER jujd qerhahd somnDT 

Baitm £htpentari/f lfi8 Joteph B Prait Diapnotltc Botpitiil, and Tuflt College Mediaal 
School, Boolon 

Recent advances in the cheuistbt and fatholoot of the dipins (phos 
psATiDEs AND cEDEBBOsiDEs) The pathdogioal ohcmwtiy of the phosphaLdes 
Eod cerebromdes la so far chiefly based on observations involving the “chemical 
anatomy” of these substances rather than their functions m the cells The 
dlstiibutiou of these substances m the animal tissues is of great interest for 
clinical pathology smce it has been found that, during certam diseases, spedfio 
phosphohpids or oerebrosides accumulate in large amounts in organs such as 
brain, hver, lung, and spleem In such oases the accumulations of epedlio 
bpuis are so oharactenstio that frequently the correct diagnosis is possible only 
sfler the chemical identification of the hpins m certain tissues 

I CHEinsTaT OF THE UPiNB Tho Customary classification of the hpins 
bto the groups of monoammophosphatides, (lecithins and oephahns), diamino- 
phosphntides (sphingomyehns), and cerebrosides has to be modified m order 
to mcorporate all hpins known at the present time This classification ongmated 
St a penod in which it was behaved that the various members of each group 
differed from one another only m the nature of their component fatty adds 
This assumption, however, holds only for the ledthins, whereas each one of 
the other groups moludes mdividuals which differ also m the structures of thdr 
non-fatty add components from other individuals of the same group Further- 
more, some phosphatides of the acid fast bacteria do not fit mto any group of 
the usual classification 

The following scheme contains tho hpins known at the present time 

1) Monotttmnophosphaitdet Fatty acid esters of a phosphorylatod polyva- 
lent alcohol, combmed with a rntrogen-contamilig group Their ratio 
P N Is 1 1 (Some monoammophosphatides contam other orgamo groups 
m addition to those already mentioned ) 

A LeciOixng Phosphono add diesters of diglycendes and chohne 

Lysolectihim Phosphoric add diesters of saturated monoglycendes 
and chohne 

B Cephalma All known cepbahns contam thoir total nitrogen in form 
of n primary ammo group (ethanolamine or serine) 
a ) Phoephatidyl othanolamines. 

Phosphoric add diesters of di^cendes and ethanolammo 
b ) Phosphatidyl sennes. 

Hydrolysis products Fatty acids, phosphono acid, polyvalent 
aloohols, sennc 

2) Plasmaloffcnt (Acelalphosphahda) Phosphono acid diesters of a higher 
fatty aldehyde acetal of cerol and of cthanolaimne 

3) Inositol phosphatides obtained from bram, soybeans and bacteria See 
text and supplement rogardmg their composition 

276 
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4) Phosphaitdic acids, cardwh-pins Hydrolysis products Fatty aads, 
polyvalent alcohols, phosphonc acids (bound as a monoester) 

6) Phosphattdes of acid-fast hactena Hydrolysis products PhospliorH 
acid, polyhydroxy compounds (such as carbohydrates, inositol), fall] 
acids vuth straight and branched chains 

6) Dtaminophosphalides (Sphingomyelins) Acid amides of sphingosme 
•with fatty acids (ceramides) m ester hnkage "mth phosphoiylchdine 

7) Cerebrosides Acid amides of fatty acids ■with sphmgosme or dihydio- 
sphmgosme m glucosidic hnkage ■with galactose or glucose 

8) Qangltosides Structure unkno^wn, hydrolysis products sphingosme, neur 
amimc acid, fatty acids, and galactose or glucose 

Fatty acids in lipins Since the fractionation of hpins is possible so far only 
to a limited extent, the analysis of the fatty acid components obtamed by 
hydrolysis of the hpid fractions is at present the only method which permita an 
insight into the finer composition of the phosphohpids isolated from tissues. 
Because of the probab±ty of a metabohc relationship between the ■vanous 
hpins and the neutral fats, a comparison between the structures of then com 
ponent fatty acids is of physiological interest m regard to the mtermediaiy 
metabolism of hpids Comparative studies of the fatty acids occumng m the 
hpins of vanous organs are all the more valuable as our knowledge of the enzymes 
mvolved in the transformation of fatty acids is as yet too scarce to penmt 
another experimental approach to the intermediary metabohsm of the hpidi 
Systematic investigations of the fatty acid components of phosphohpids haw 
been earned out m the laboratones of Anderson (1), Bloor (2), Hilditch (3)/ 
Klenk (4, 5), Thannhauser (6) Considenng the large number of physiologic^ 
fatty acids, the compheated possibihties of their isomensm and the techni 
difficulties of their fractionation, it is ob^vious that the a^vailable data, numeroM 
as they are, permit only relatively few conclusions of a more general phyaologi 
mterest For this reason the important mvestigations m this field can 
discussed m this article only to a very Iirmted extent 

Some recent advances in the methods of separation and identification of fatty a 
The fractional distillation of fatty acids or their methyl esters under hig T 
reduced pressure has been successfully apphed to the separation of small 
of fatty acid mixtures Special dist illin g columns for this purpose haye 
desenbed by several authors (7, 8, 9, 10) f 

Brown and his co-workers (11) developed the fractipnal crystalhzation 
fatty acids or their methyl esters from orgamc solvents at veiy loiv 
This techmque is of particular importance for the isolation of unsatura ^ ^ 
acids such as hnoleic, hnolemc, and arachidic acid because it avoids the forma i 
of conjugated double bonds caused by the usual methods of purification ^ 
Spectrophotometiy m the ultraviolet range has been successfully app ^ 
estimate the percentage of conjugated double bonds m mixtures of unsa ura 

fatty acids (12) m 

Some data concermng the infra red spectrum of fatty acids are comp 
the review published m the Analytical Edition of Industrial and Engine® 
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Cbenustry (13) Infra red spectroscbpy, however, has not yet been applied to 
tissue analysis 

Analyses of the X-ray diflmotion pattern have yielded valuable results con 
ceming the stmoture of natural hi^er fats (14, 16) 

The investigation of monolayers of fatty acids has led to important con 
chiaions rcgardmg the structuro of fatty acids with branched chains (10) 

Fatty acids in animal hplns Klenk (17) concludes from the results of ex 
tensive mvestigations embraoing species of all classes of vertebrates that the 
sther soluble phosphatides contam fatty acids with even carbon chains of 16 
to 22 C atoms whereas acids with 24 C atoms aro exclusively found as compo- 
nents of cerebrosides and sphingomyelins The fatty acid mixture obtained 
tram ether-soluble hpins consists of mdividuals of various degrees of unsaturabon. 
On the average the number of double bonds per fatty acid mcJeoule of the 
monephosphabde fraobon increases with the number of C atoms The compo- 
ritkm of the fatty amd mixture obtamed from the neutral fat of liver is remark 
sMy similar to that of the monoammophosphabdes The acids of the storage 
tats, however, differ strongly from those of the monophosphatldes inasmuch 
SB the highly unsaturated fatty acids with 20 and 22 C atoms aro absent The 
omilanty between monoammophosphabdes and hver tnglycendes on the one 
rate and the differences between phosphatides and storage tnglycendes on the 
other Bide m respect to their component fat acids is interpreted by Klenk as a 
consequence of metabohe relations between phosphatides and tnglycendes m the 
hver Klenk assumes that the liver is the organ m which the highly unsaturated 
fat acids are incorporated mto the phospholipids A metabohe relationship 
between fat acids of various cham lengths has become even more plausible 
since the recent elucidation of the structure of arachidomo acid (18, 19, 20) 
The formula of arachidomo aad is that of a 6, 8, 11, 14 eicosatetrenoic acid 
It is mteresting to note that the location of the double bonds m the chains of the 
iernimal C atoms of arachidomo and hnoleio acids is identical Dolby, Nunn, 
and Smedky MaoLeon (18) discuss the possibihty that bnoleic aad would 
represent the physiological precursor of arachidomo aad Arachidomo aad 
“uld bo formed from hnoleio aad by condensation of the carboxyl group with a 
two carbon chain and subsequent desaturation 

Arachidomo amd 

CH.(CH,).CH CHCHATH CHCHA^ CHCH CH CHCH,CH.CH,COOH 
Unolao aad 

CH,(CH0,CH CHCHATH CHCHtCH/lH,CH,CH/lH,CHiCOOH 

It can be gathered from the precedmg discussion that the differences between 
the fatty add compoobon of phoephatidcs, liver fats, and body fats involve 
“®rely the fraction of the highly unsaturatwi fat aads This is of particular 
retereat inasmuch as Burr (21) discovered some time ago that some of these 
“cids, namely, hnoleio and arachldio respectively are "essential fatty acids ” 
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It was emphasized m the mtroduction to this chapter that, as a rule, it is not 
yet possible to separate monoammophosphatides which differ from each other 
exclusively in regard to their component fat acids Smce the purified mono- 
phosphatide fractions usually contam saturated and unsaturated acids m 
approximately equal amounts, it was frequently assumed that the natural 
monophosphatides contam m each molecule one saturated and one unsaturated 
fat acid 


Lesuk and Anderson (22), however, succeeded recently m isolatmg a saturated 
lecithin, dipalmitolecithm, from the ether-msoluble hpid fraction of larvae of 
cysticercus fasciolans * The insolubihty of this natural saturated lecithm 
m ether is m accordance with the properties of other saturated lecithins 
obtamed by hydrogenation of natural lecithms and of synthetic saturated 
lecithins (23) Thannhauser and his co-workers (24) encountered saturated 
monoammophosphatides m the fraction of the ether-msoluble phosphohpids 
obtamed from animal tissues such as bram and lung In view of these findings 
it IS obvious that the classical fractionation of the hpms mto an ether-soluble 
and ether-msoluble part can no longer be mterpreted as a separation of mcfflo 
and diammophosphatides ^ 

Fatty acids of cerebrostdes and sphingomyelins The component fatty acids 
of the cerebrosides and sphmgomyehns differ from those of the monoamino- 
phosphatides So far, it seems that the latter group of animal and plant phos- 
phatides contains only fatty acids with even numbers of C atoms up to 22 The 
majonty of sphmgomyehns and cerebrosides, however, are charactenzed by 
component fatty acids with chains of 24 and more C atoms, namely, hgnocenc 
acid, n-tetracosamc acid, Cj<H 4 sOa m p 83-84°, cerebromc acid, a-hydroxyligno- 
cenc acid, mp 100-101°, an® (Pyndme) -|- 3 41°, nervomc acid, 9,10 dehy 
drolignocenc acid m p 40-41°, a-hydroxynervomc acid CsiHwOj mP 

65°, (Pyndme) -f 2 87 The structure of cerebromc acid which was we 
object of discussion for many years now appears to be defimtely established 7 
its synthesis (26) 

Until veiy recently the chain length of the fatty acids isolated as hydrolys^ 
products of these hpms did not seem to exceed 24 C atoms 
Schumann (27), however, succeeded m isolatmg from the hydrolysis produc 
of a cerebroside fraction a hexacosanoic acid which crystallized from acetone 


m bnght scales and melted at 45-45 5° , 

Fatty acids in phosphaiides of acid-fast bacteria Anderson and his 
(1) demonstrated m a senes of mvestigations the presence of saturat 
acids with branched chains m the phosphatides and m the acetone-soluble p' 
of acid-fast bacUh These substances have lower meltmg pomts than t 
isomers with straight chains and appear usually as hqmds at room 

Tuberculosteanc acid (28, 15), 10-methyl steanc acid, CitSssOj, hns ^ 
obtamed m pure form from the phosphatides and the acetone-soluble p' 


* The analysis of this particular tapeworm was undertaken because its larvae prod 

sarcomatous growdih in the surrounding tissue of the host 0) 

* The ether fractionation of phospholipids has recently been cnticired by mo 


for other reasons 
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bercle bacilli and melts at 10-11°C Ita optical inactivity i* nttnbuted by 
Helmon (28) to the remoteness of tbe asymmetric C atom from the carboxyl 
tjup rather than to racemisation Synthetic dl 10 methyl eteanc acid melts 
■ 20-21® Tbe difference in the melting points between natural tuborculo- 
eanc aad and synthetic dl lO^methylsteano acid is not yet definitely explamed 
is posable that the natural compound differs from the synthetic only m ita 
ereoisomeric properties. This view is supported by the results obtamed with 
anparative analyses of the x ray diffraction pettem of both compounds (16) 
atural tuberculosteanc acid produces no speoifio biological reactions after 
jection Into flmmnlR 

Phihvnc octd, CmHbOi, was discovered by Anderson and Chargaff (20, 30) m 
he phosphatidea and acetone soluble hptds erf all strains of tubercle bacilh 
.t la dextrorotatory « +12 6®) and doubtlessly represents a fatty acid 
nth branched chains although its structure is not yet known m detail Sten 
fflgen and StSUberg (31) conclude from tbeir studies on monolaj^rs of phthioic 
idd that its structure should be expressed as that of a tnsubstituted acetic 
lod with two long and one short chain. Phthioio acid as well as the phthioic 
idd-KJontaining phosphatide fractions of tubercle bacilli are of great biological 
ntcreat smee these substances produce typical tubercular changes after injection 
nlo tissues (32) 

Phyiemtonte aad (33), C«H 4 ijOi, m p 24®, has been isolated from the phos 
ihatides and the acetone soluble hpids of the cromi gall bacillus (phytomonas 
'Uraefaciens) The low melting pomt suggests the assumption of a branched 
ihdn structure The discovery of a branched cham fatty aad in this nucro- 
ffganiam demonstrates the fact that this type of fatty acid is not limited to 
wad-fast bacteria 

Afpeoemme aetd, CioHioOj, m p 27-28°, was obtamed by Ginger and Anderson 
!34) from the vax present in the cell residues from the preparation of tuberculm 
t forma an ether soluble lead salt and is levorotatory (a?^ Chloroform — —6° 
oC®) 

No fatty acids with branched chains have been found m yeast phosphatides 
[36) and m tuberculous lung tissue (36) 

Recently Wcitkamp (37) reported observations suggesUng the presence of 
oranebed chain fatty acids m wool fat (degras) Weitkamp’s conclusions have 
ocen confirmed by Vohek and Enghsh (38) who sjuthesized d li-methyl palmitic 
^cid and found it identical with the natural aad obtamed from wool 
Another group of oads which are very characteristic components of the 
lad fast bacteria, the mycoltc aods, (39) are apparently no( present m the phos- 
phatidca of these micro-organisms. These substances have been discolored 
by Anderson and his co-workera as constituents of tbe so-called waxes of the 
aad fast bacteria and are hydroxyfatt> aads with branched chains of very 
b'Eh mdecular weights Mycdio adds account for a large part of the hpids 
aad-fnst bacteria They are sohd at room temperature and soluble m ether 
^ pyrolysis (heating at 250® to 300® under highly reduced pressure) they 
^compose yielding fat acids of straight or branched chains For example the 
ffiyedic aad obtained from tbe wax of human tuberdo bactenn (40) has the 
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probable formula C88Hn604, melts at 64-56'’C, and is dextrorotatoiy = 
+1 8°) Tbe noncarboxylic oxygen atoms are present m the form of one 
hydroxyl and one methoxyl group On pyrolysis mycohc acid yields n hmco- 
same acid 


The mycohc acids are of great biological significance bemg probably respon- 
sible for the 'acid fastness of the mycobactena 
Olycerophosphcde in phosphattdes Theoretically, aU phosphatides contauunj 
glycerophosphate could be derivatives either of alpha or of beta glycerophos- 
phate No method permits at present the separation or differentiation of these 
two possible senes of phosphatides Some earher authors attempted to obtain 
information conqemmg this structural problem by mvestigatmg the mixture cf 
the two glycerophosphates obtained after hydrolysis of natural phosphabdes. 
However, Folch (41) was able to demonstrate that the structure of glycerophcs- 
phate obtamed by acid or alkah hydrolysis of phosphatides does not permit 
conclusions as to the structure of the mtact phosphatide molecule since the 
phosphate linkage m glycerophosphate imdergoes rearrangements on bdhng 
with acids or alkalis Thus it appears that the solution of this structuial 
problem has to await the development of new methods for the sphttmgof 
phosphatides, perhaps the use of hydrolyzmg enzymes 
Lecithins The method for the preparation of lecithm (Levene and Rolf, 
42) has been simplified by Pangbom (43) 

A new lecithin, dipahmtolecithm, has been isolated by Lesuk and Anders® 
(22) from the larvae of cysticercus fasciolans With this discovery, a saturated 
lecithm has been found for the first time in biological matenal Some properties 


of this lecithm have already been discussed (p 278) 

Aminoethanol cephahn, phosphatidylethanolamine This fraction which un 
recently w as considered to be the only constituent of cephahn, has now he® 
obtamed reasonably free of other phosphatides by Folch (44) Its componen 
appear to be exclusively fatty acids, glycerol, phosphonc acid, and ethanolanun^ 
In some important properties it differs considerably from the cepn^ 
desenbed by earlier investigators Phosphatidylethanolamine from ox ^ 
IS easily soluble m alcohol and contains only traces of ash It represen 


shghtly sticky white powder which, on standmg m the dark m an 


evacuated 


desiccator for tivo weeks, acquires a tan color which later turns mto a 
brown Its lodme number of 78 suggests the presence of two double on 


for each atom of P , 

Phosphatidyl senn w as obtamed by Folch (44) from the crude cephahn 
of ox bram by fractionated precipitation of cephahn solutions m chlor 
with alcohol Its components are fatty acids, glycerol, phosphonc aci , 
l(+)-serm "When the substance is prepared from bram cephahn wi ^ 
acid treatment, it contains approximately 12 per cent of ash, which appea'^^ 
ongmate from the salts of the serme phosphatide with potassium, sooi ' 
calcium The lodme number of 33 would mdicate the presence of one 
bond per atom of phosphorus According to the descnption of Foie , P 
phatidyl senne seems to be soluble m alcohol to a considerable extent 
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Chargaff, Ziff and Rittenberg (46) found that ammo acidHxmtajmng phos- 
phatades are present in the phosphatide fractions of various ammal organs such 
as bram, lung, heart, and liver In brain phosphatides the ammo acid mtrogen 
accountfl for approximately 30 per cent of the amino nitrogen, in lung for 23 
per cent It is mterestmg that egg ydk phospbatides are practically free of 
ammo amd nitrogen 

Iiumtol phosphatides, hposttol The presence of mositol in phosphatides 
™ first demonstrated in Anderson’s laboratory (46, 47) m 1930 in bovme 
tubercle bacilli, m 1939, Klenk and Sakai (48) reported the isolation of inomtol 
mcaiophoephate from soy bean cephahn after acid hydrolysis, in 1942, Folch 
and Woolley (49) found inositol m the least alcohol soluble fraction of bram 
cephalm. According to these authors, the inomtol-containing fraction repre- 
sents approximately one fourth of the total brain cephalm. 

By fractionated precipitations of bram cephalin Foloh succeeded in amvmg 
at products containing 6B per cent inomtol These fractions stiU contained 
serine as vrell as glycerol and have certainly to be considered as mixtures.* 
WooUey (60) prepared from soy bean phosphatides a cephalm fraction mth 16 
per cent moatol, this fraction which he lalled lipoeitol is apparently free of 
^cerol and senne The hydrolj'sifl of hpositol with adds respectively alkali 
yielded m equimdecular proportions phosphoric acid, mositol, galactose, tartano 
add, ethanolamme, oleic aad, and a mixture of saturated fatty acids (palmibc, 
sleanc, and cerebronic acid) the sum of which was equimolecular to the amount 
of oleic acid The phosphonc acid appears to be estenfied with moritol which 
is probably linked to the carbohydrate as galactoside m the hpositol molecule 
Woolley reported m hia paper ou soy bean hpositol that mositol phosphatide 
fractions of bram contained likewise galactose and tartaric acid (60, p 683) 

Soy bean hpodtol is only slightly soluble m methanol, ethanol, dioxane, 
gjacial acetic acid. It is insoluble m dry petroleum ether, dry benaenc, dry 
ether, or dry chloroform, but soluble in the moist solvents The preparation 
contains approximately 12 per cent of ash, which is so firmly bound that it 
cannot bo removed by dialyslB of a hpositol susponaion in hydrochlono acid 
No other nitrogen-contaming group, beades colamme, hew been found among 
the hydrolyaiB products of soy bin hpostol In particular amino aad nitrogen 
^raa found to be absent Alkah hydrolysis yielded considerable amounts of 
coiamine, while only very small amounts of the base were obtamed after aad 
hydroiyBis, 

Acetal phosphatides plasmalogens This group of phosphatides was dis 
covered by Feulgen during histochemicol studies on the staining of tissues by 
y^t^n eulfurous aad This reagent which produces a purple color with alde- 
hydes permits, after treatepent of the cells with sulfuno add, a selective stammg 
of the chromatm structures of the nuclei due to the aldehyde groups appearing 
^ hydrolyna of thymonuclao aad. Feulf^n mtroduced the term ‘*nucleal” 
0^ hifl stammg method He observed very soon that the staining effect of 
*8efl Rippletnent 



282 


S J THANNHATJSER AND GERHARD SCHJUDT 


the nucleal reagent -was not stnctly Inmted to the cell nucleus, but md 
many tissues the cytoplasm, although wth a lesser mtensity The sts 
the cytoplasm was successful only m undefatted shoes while that of tl 
was not influenced by any treatment of the tissues with lipid solvents, 
concluded that different substances were responsible for the staining c 
and cytoplasma, he proposed, therefore, for the unknown earners of the 
Bulfurous acid stammg in the cytoplasm the term “plasmal” Since 
already found m his earhest histochemical experiments that the stainin 
plasma was strongly accelerated and intensified by prehminaiy treatmei 
tissue wnth acid or mth mercunc chlonde he postulated that the plas 
not present m the cell as such, but m the form of a hypothetical precursc 
he designated as plasmalogen 

Attempts to isolate plasmal and plasmalogen resulted m the observat 
these substances were found exclusively m the phosphohpid fraction 
mvestigated tissues On addition of a small amount of mercunc chi 
phosphohpid suspensions from brain, muscle, or heart, a strong plasmal 
was immediately obtained Feulgen, Imhauser, and Behrens (51) w 
to isolate the aldehyde from horsemuscle phosphatides by steam di£ 
and subsequent condensation vuth semicarbazone as a ciystaUized semicj 
and to demonstrate that this substance consisted chiefly of palmitic a 
semicarbaade contaminated with a small amount of steanc aldehyc 
carbazide An improved method for the preparation of plasmal semic 
from horsemeat has been reported by Behrens (52) He was able h 
1-1 5 gram of plasmal semicarbazide from 10 kgm horsemeat 1 
Anchel and Waelsch (53) isolated fatty acid aldehydes from relative! 
amounts of tissues The proportion of palmitic and stearic aldehyde 
in plasmals from different organs and species It is certain that all ] 
contam besides palmitic and steanc aldehyde at least one other fatty s 
which so far could not be isolated on account of the solubihty ofitssenu-ca 

The isolation of plasmalogen was accomplished by Feulgen and Ber 
on the basis of its relative stabihty against alkah When the phoi 
emulsion from beef muscle was treated with sodium hydroxide, a com 
part of the plasmalogen remamed mtact Avhile the contaminating phos] 
were saponified From the reaction mixture, plasmalogen could be prec 
together mth the fatty acids by converting them into the brucine salts 
extraction of the brucine soaps with acetone, the plasmalogen could be 
by repeated treatment of the acetone-insoluble residue with benzene i 
dry pure plasmalogen is not soluble The substance is then crystalhz 
alcohol at room temperature 

Hydrolysis ■products of plasmalogen. By treatment mth mercunc ( 
plasmalogen is spht mto a higher aldehyde and colamine glycerop 
(this substance crystalhzes m fine needles from alcohol and is ^ 
water, but msoluble m cold alcohol, m p 86-87°) When heate vn 
cent sodium hydroxide for 6 hours, plasmalogen is spht mto co nr 
plasmalogemc acid which can be isolated as hthium salt Feulgen an 
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Trere able to demonstrate that this spbt-produot m composed of glyceropboaphate 
and a fatty aldehyde m equivalent nmoimts 


Slndure o] plaemalogm Feulgen and Bersm concluded from their observa- 
tions that plaamalogens are acetals of fatty aldehydes -with oolamme glycero- 
phosphate The structure of stearal piasmnlogen would be represented by 
ather of the following formulae 


( 1 ) 

H,C— O. 

I ^CH (CH,)i, CH, 

0 L 

CH,(NH,) CHiO— P— OCH, 

OH 


( 2 ) 



The assumption of an acetal linkage is supported by the stabihty of the nitrogen 
free group against alkali, its sensitivity against acids and mercuno chloride 
Plasmalogen can be detennined oolanmetncally on the basis of the test with 
Sohiffs reagent (&4, 55, 56) 

ProperUa of acetal phoephaitdes (plasmalogeru) Plasmalogens have no 
definite melting pomt but become soft at 60° and decompose above 160° They 
are insoluble m water, but soluble in dilute aqueous potassium hydroxido On 
neutrahiation of the alkaline solution they precipitate They are sparingly 
sduble in cdd alcohol, but considerably more soluble m hot alcohol Methyl 
alcohol IS a better solvent for plaamalogens than ethyl alcohol They are easily 
soluble in chloroform but insoluble m ether, petroleum ether, and acetone 
When an alcohobo solution of plasmalogen is qmokly cooled, the acetal phos- 
phatidcs precipitate ns a waxy, amorphous mass, but on slow cooling they come 
out m the form of globular aggregates which appear under the imerosoope as 
composed of long needles 

Phorphattdtc acxdt The term phosphatidio acid is used for substances which 
leacmblo the monophoephatides in their structure and composition, but nhlch 
differ from these bpms by the absence of mtrogenous constituents 
Pbosphatidic aa^ were discovered in cabbage leaves by Chibnall and Chnnnon 
(57) The free acids are soluble in orgamo solvents such as ether and acetone, 
but very slightly soluble in water The sodium salts are soluble in water, but 
insoluble m ether and very shghtly soluble in cold alcohol The banum, caldum, 
n^ lead salts are insoluble in water, but easdy soluble in ether So far, phos- 
phatidic adds have been mainly found in plants 
Plasmalogemc acid, the phosphatidio aoid of plasmalogen, has been obtained 
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by Feulgen and Bersin (51) after saponification of plasmalogen with hot sodium 
hydroxide 

Pangbom (58) reported the isolation of a phosphatidic acid, cardiohpm, from 
beef heart Its presence seems to be essential for the complement-bmdmg 
activity of beef heart extracts with sera of sypbhtic patients Cardiohpm 
alone has no complement-fixmg power, but mixtures of cardiohpm, cholesterol, 
and lecithm resemble beef heart extracts prepared for diagnostic use in regard 
to their serological behavior 

The hpid contains phosphorus amountmg to 4 1 per cent, fatty acids, and 
has an approximate molecular weight of 700 Free cardiohpm is very unstable, 
but its sodium salt is rather stable 

The separation of cardiohpm from lecithm was accomplished by the trans 
formation mto a banum salt which is insoluble m alcohol 

Phosphaiides of acid-fasi bacteria Our knowledge of this mterestmg group 
of hpms IS mainly based on the mvestigations of Anderson and his associates 
(1) The chemical composition of these phosphatides differs very markedly 
from that of the phosphatides isolated from anunnl tissues The fatty acids 
of bacterial phosphatides have already been discussed Cholme and colamine 
are absent among the hydrolysis products The N P ratio m the phosphatides 
of these micro-organisms is very much lower than 1 Smce these phosphatide 
fractions have not yet been separated mto individual components it is still an 
open question whether they are to be considered as mixtures of phosphatidie 
acids with a small amount of monoammophosphatides or as polyphosphatides 
containing several atoms of phosphorus per atom of mtrogen The phosphatides 
from acid-fast bacteria resemble monoammophosphatides m their solubility 
They are easily soluble m ether, and they are precipitated from their ether 
solutions by means of acetone Besides glycerol, these substances contain 
mositol or carbohydrates in ester linkage with the phosphonc acid group On 
mild alkahne saponification of the phosphatide fraction of human tubercle 
bacilh, Anderson, Lothrop, and Creighton (59) obtamed a mixture of non 
reducing orgamc P esters which could be fractionated to a certam degree After 
dephosphorylation, mannose, mositol, and glycerol were obtamed The hy- 
drolysis of phosphatides obtamed from the residues of the manufacture of tuber 
culm yielded different mtermediary phosphonc esters (60) On total hydrolysis 
glycerol, mannose, mositol, and a glucosazone-formmg sugar were found 

The phosphatides of phsdiomonas tumefaciens (61) do not contam carbohy- 
drate components The only orgamc P ester isolated from their hydrolysis 
product was glycerophosphate These hpms differ further from those of acid- 
fast bactena inasmuch as they contam cholme and colamine The N P 
13 approximately 1 1 They differ, however, from ammal monophospbatides 
m t^eir content of fatty acids with branched chains 

Anderson and his associates made the mterestmg observation that the compo- 
sition of the hpid fractions of micro-organisms which are grown m synthe ic 
media greatly depends on the composition of the medium For 
Creighton, Chang, and Anderson found phosphatides to be absent m the upi 



UTINS ANB LIPIDOSES 


286 


' a strain of human tubercle bocilh cultivated on a modified synthetic Long 
ednim m which f^ycerol was replaced by glucose 

SfJmtjomychns Sphingomyelma are phosphatides m which the sphingosme 
r a closely related base is bound by an NH — CO linkage to a fatty aad, most 
unmonly to hgnocenc aad (n tetracosanio acid) and by an ester linkage to 
lioline phoephono aad. Klenk isolated pure stearyl sphingomyehn from 
Oman brain m a case of Niemann Pick’s disease (63) In the same case hver 
id spleen contamed a imxturo of lignoceryl, nervonyl, and stearyl sphingomyelm 
(4) Sphingomyelma are inscduble in ether and differ m this respect from the 
liospliatides of the unsaturated leathin and cephalin fractions. This property 
need for the separation of sphingomyelms from the other phosphatides. It 
iculd be emphasised, however, that the insolubihty m ether is not a suffiaent 
ISIS for the identification of a phosphatide fraction with sphingomyelin, 
phingomyehns are soluble m hot alcohol from which they can be crystalhicd. 
boy are sduble m nuxtures of chloroform and methanol and m petroleum 
her containing 10 per cent methanol Sphmgomyelms are almost insoluble 
I acetone and form colloidal solutions with water Sphingomyelins which ivere 
iscovered by Thudichum in bram have recently been found m many other 
■gans (1) and in biological hqmds such as blood and milk. 

The etrudure of rptangonne The chemical structure of sphingosine has been 
uddated by the work of Leveno, of Klenk, and of Carter and their nssoaates. 
ince the fundamental work on sphingosme by Levene and West (06, 60) and 
apworth (67), its structure has been further olanfied m two points 1) Klenk 
B) was able to isolate mynstic aad, CiiHmOj, from the products obtained 
(tor oxidation of sphingosme by means of chrormc acid Ho concluded from 
lis fact that sphingosme contamed a straight chain of 18 carbon atoms (not 17 
! had been assumed by Levene) 2) Carter and his oasoaates (69) found that 
cnxoyl sphingosme does not react with periodate, but forms a cyohe acetal 
■ith benxaldehyde in the presence of rmo ohlonde Smee penodato is a speafio 
ndant for vicinal ^yools and since 1 ,2 as well as 1 ,3 glycols form acetals it can 
0 conduded that the two hydroxy groups of sphingoeine ore present in 1 ,3 
edtion. On the basis of these observations the structure of sphingoeme can 
e expressed by the formula 

CH. (CH,)b CH CH CH(OH) CH(NH )CHiOH 

Since sphingomyelm does not react with mtrous acid it must be assumed that 
be amino group of sphingosme is hnked to one of the other components of the 
phingomyelm mdeeiile Levene (70) succeeded m isolating hgnocerjl hydro- 
phingoshie ns a product of the partial hydrolysis of hydrogenated sphingomj'ohn 
f^'annhauser and Fraenkol isolated hgnoceryl sphmgoeme (F.P 90-90.5°) from 
Jigs’ liver after sapomfication with methylolcoholic sodium hydroxide (71) 
^rasnkd and Blelschowsky (72) and Tropp and Wiedersham (73) succeeded 
a isotatmg hgnoceryl sphingosme from pigs’ hver and beef spleen without 
ircUtninarj saponification The conditions provailmg throughout the isolation 
imccdure aero so mild that an artificial formation of lignoceryl sphingosme 
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was excluded Substances resembhng bgnoceryl sphingosine in their general 
structure (i e , amides of fatty acids with sphmgosme) have been designated as 
ceranudes by Thannhauser and his associates (72) The ceranude group is a 
constituent of the sphmgomyehns as well as of the cerebrosides The isolation 
of ceranudes from tissues suggests that these compounds are formed m the 
mtermediaiy metabolism of sphingomyelins and cerebrosides 

Lignoceryl sphmgosme shares with sphingomyehn the inertness against 
mtrous acid and therefore has to be considered as an acid amide 

Thannhauser and Reichel (74) obtamed for the first time hgnoceryl sphingo- 
sme by the enzymatic hydrolysis of sphmgomyehn durmg the mcubation with 
hver extract The only ceranude which has so far been isolated as a spht- 
product of sphmgomyehn is hgnoceryl sphmgosme These authors claimed 
the existence of a sphmgomyehn m which the second hydroxy group would be 
estenfied with palmitic acid In later mvestigations, it was found that the 
palmitic acid was not a part of the sphmgomyehn molecule, but a part of satu- 
rated lecithm which tenaciously adheres to the sphmgomyehn fraction (see 
below) 

Ceranudes differ from sphmgomyehn m their behavior toward ether m which 
they are soluble They can be reciystaUized from hot acetone (75) 

The tests for the punty of isolated sphingomyelin At present neither spbingo- 
myelm nor any other phosphatide can be rehably identified by determinations 
of physical constants such as meltmg pomts or optical lotation The punty 
of a phosphatide can therefore be judged only on the basis of the results of its 
chemical analysis Up to 1937, determmation of the N and P contents and the 
result of Mohsch’s test for carbohydrates represented the only cntena for the 
punty of specimens of sphmgomyehn Due to the sensitivity of Mohsch’s 
test, its negative outcome can be considered as a rehable proof for the absence 
of cerebrosides The N P ratio, however, is not sufiBciently sensitive to permit 
the detection of contaminatmg monophosphatides ivith a desirable degree of 
accuracy 

The mtroduction of a method for the microdetermination of glycerol into 
the chemistry of the phosphohpids by Bhx (76) was therefore a veiy important 
addition to the chemical tools available for the examination of the punty oi 
sphmgomyehn By the apphcation of this method, Klenk (77) as well as 
Thannhauser (78) and their associates were able to demonstrate that aU speci- 
mens of sphmgomyehn which had been considered as pure on the basis of the 
earher cntena were in fact contammated with considerable amounts of glycenn- 
contaimng phosphatides, probably of saturated lecithins which have many 
physical properties m common with sphmgomyehn, especially the insolubihty 

m ether if t ct 

The removal of these admixtures proved to be an extremely difficult m 

which has only recently been accomplished by Thannhauser and Benotti ( ) 
for the isolation of sphmgomyehn from limg The isolation of pure 
from bram w'hich represents the usual source for the preparation of this hpid 
not been accomplished as yet by the exclusive use of fractionation proced 
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TTio difficulties in the purification of brain sphingomyelin anso chiefly from the 
presence of large amounts of cerebrcsides in addition to that of saturated mono- 
phosphatidea m the crude sphmgomyelin fractions KJenk (77) as u-ell as 
Tbannhausor (78) found it necesBary to subject the crude sphingomyelm fraction 
to a treatment ivith olkah which leaves most of the sphmgomyelin mtact, but 
which removes the total amount of monoj^iosphatides by a selective hydrolysis 
Klenk and Rennkamp (77) roftuxcd the sphingomyelm fraction with sodium 
alcoholate Thannhauser and Benotti (70) found that this treatment was too 
drastic inasmuch as it destroyed a considerable part of the sphmgomyelm 
They achieved the selective destruction of the monophosphatides by shakmg the 
crude sphmgomyelin for 24 hours with aqueous N sodium hydroxide at 37^ 
Nleman (80) recently succeeded in isolating from the hydrolysis products 
of bram protagon an ether of sphingoeme with a tetradecyho alcohol Nieman's 
findmgB recall the old observations by Thudichum who found among the hy- 
drolyHis products of sphmgomyelm an alcohol with 18 carbon atoms which ho 
called sphingol Smce none of the later mvestigators confirmed this result of 
Thudichum this alcohol received no further attention for a long tune The 
isolation of Nieman’s sphingoeme ether makes it evident that our present classi 
fication of the sphmgoamo-containmg constituents of bram is not yet complete 
Catbrostda According to the customaty defimtion, corebroadea are con 
sdered as galactosides of coramides. The mdividual cerebroades were assumed 
to differ from each other only in respect to the fatty acid components (see page 278) 
This defimtion can no longer be considered adequate 1) Lesuk and Anderson 
(22) isolated from the larvae of cysticerous fnsoiolans dihydrophronosme whose 
mtrogen*containmg component ■was dihydrosphingoeme Carter and Noma 
(81) found dihydrosphingoaine among the hydrolyas products of the cerebroades 
prepared from beef brain and beef apmol cord 2) Several in’vestigBtOTs (82, 
83, 84) found that the ccrebrosides which accumulated m the spleens of patients 
With Gaucher’s disease contained as carbohydrate component glucose mstead 
erf galactoee In consequence of these results Klenk and Rennkamp (86) 
reinvestigated the ccrebrosides of normal tissues They found that the oerebro- 
ode fractions of all investigated organs contained small amoimts of glucose 
Thus there is little doubt that glucoadooerebroaides arc normal cell constituents 
0* well as galactosidocerebrosides 3) There is evidence of the presence in 
tissues of a new group of phosphorus-free carbohydrate-containing lipins, the 
pngjiosldcs, which differ in their chemical structure from the cerebrosidefl. 
E iVals (80) described m 1927 the presence in beef brain and beef spleen of a 
ccrebrodde fraction which differed from the known cerebrosidcs by the purple 
color of the Biai test and by its high sensitivity against aads- After beating 
for a short time with 10 per cent sulfuric acid the formation of a black flocculent 
precipitato of humin substances was observed The observations of Wals 
on normal bram were later confirmed and extended by BUx (87) who found that 
Iho new corcbroside fraction gave a positive test for bexosammes with Ehr 
hch^ dimothylaminobcnHildehydo reagent 
fn 1036 Klenk fSS) reported that relatively considerable amounts of similar 
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substances could be found in the crude sphingomyelin fractions isolated from 
the brain m cases of Niemann-Pick’s disease According to Klenk (89) very 
large amounts of this fraction accumulate in the brain in Tay-Sachs’ disease 
(infantile form of amaurotic idiocy) The normal cerebrosides are totally 
replaced by this fraction 

Neuramtntc acid In 1941, Klenk (90) succeeded m isolating a hydrolysis 
product of the new cerebroside fraction m crystalhzed form This hydrolysis 
product for which Klenk introduced the name neurammic acid represents the 
group responsible for the charactenstic color reactions of the fraction and for 
its charrmg on treatment with dilute mmeral acid Accordmg to the results 
of the elementary analysis the substance has either the formula CioHnNOi 
(molecular weight 281 16) or CuHmNOb (molecular weight 311 24) It titrates 
as a monobasic acid and contains its nitrogen m form of a primary ammo group 
It is levorotatory m aqueous solution (a^ — —54 91°) The substance de- 
composes at 200° without melting pomt It is easily soluble m water, only 
httle m methyl alcohol, and insoluble in ethyl alcohol and ether 

On bemg heated with dilute mmeral acids, the solution soon acquires a brown 
color During prolonged heatmg, a black flocculent precipitate appears The 
substance, however, is stable against boihng at neutral or alkahne reaction 

Neuraminic acid does not reduce alkaline copper solution It gives a positive 
mnhydnne test On boihng it with Bial’s reagent an mtense red color develops 
After heatmg it with Ebrhch's reagent m a paraffin bath of 140°, a strong red 
color appears The test is strongly positive with 60y of the neurammic acid 

Lipoproteinc (91, 92) It has long been known that the extraction of lipins, 
especially phosphohpids, from animal tissues can be earned out successfully 
only after the denaturation of the proteins The preparation of phosphatides 
from egg yolk offers a classical example for this observation On exhaustive 
treatment with ether, only traces of phosphatides go mto the organic solvent 
although the neutral fats can be extracted almost completely m this manner 
When the yolks are heated with alcohol, however, the total amount of the phos 
phatides goes quantitatively into the solution and can be easfly separated from 
the protem coagulum 

It is possible to extract from egg yolk with dilute aqueous salt solutions 
undenatured protein fractions with surpnsmgly high hpid contents Tliw 
fraction can be precipitated and redissolved without much change m its hpi 
content or its solubihty 

Some of the hpid protem complexes migrate m the electrical field like homo- 
geneous substances (93) In order to separate the hpms from then proten 
earners, boihng with alcohol or other denatunng procedures are required w e 
the extraction with ether without a precedmg denaturation of the proteins oes 
not lead to the dissociation of the hpid protem complex. 

It IS difficult to reconcile these observations with the assumption 
hpoproteins represent accidental mixtures of hpids and proteins mt er 
chemical hpid protem complexes On the other hand, no mv 
succeeded as yet m isolatmg a hpid protein complex in which the pi 
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was homogeneous The leathovitallin from egg yolk which has recently been 
remreshgated by ChargafE (94) contamed approximately equal amounts of 
lemthm and cephahn 

Liponucleoprotem complexes recently isolated by ultracentnfugation from 
extracts of normal chicken embryos and from infectious extracts of Rous chicken 
tumor I contamed likewise mixtures of vnnous Upids (95, 00) The same holds 
true for a hpoprotem with thromboplaatic effects isolated from lung tissue 
(D3, 03, 94) 

The heterogeneity of the hpid components renders it very difficult to attempt 
a chemical interpretation of the experimental observations. In this respect, 
the chemistry of the lipoproteins faces a much more compheated problem than 
that of many other conjugated proteins such as nucleo*, chondro-, or chromo- 
proteiiis which are charactenred by hom(^neous prosthebo groups Addi 
tional difficulties are caused by the great instabibty of the hpoprotems which 
has BO far prevented any attempt of a finer fractionation of the crude products. 
It a obvious that, under these circumstances, tho experimental facts do not as 
yet provide a basis for a discussion concerning the forces responsible for the 
associationfl between hpins and protems in the oomplexos described m this 
chapter 

n Recent aspects of the physiology of the lupins In the studies of 
the past few years, tho chemical functions of the phospholipids in motabohsm 
and nutrition have received more attention than the biological eignificanco of 
their physicochemical properUcs for cell permoahflity and other functions of 
the cell membrane (1) 

fiinolairis mvestigations (2, 3, 4, 6), especially his observations on the rapid 
incorporation of Ingested elaidic acid (fed as elaidm) mto the phosphoUpid 
fraction of organa, suggest that the phospholipids have an important r61e In 
fatty acid transport and fat metabolism Artom and his associates (0, 7) came 
to amflar ccmclurfous on tho basis of their observ’ations that tho injection of 
iodinued fatty acids was followed by the appearance of lodinired fatty acids in 
the phospholipid fractions of hver and red globules In addition, Artom (8) 
found a very considerable temporary inoroaso in tho amoimt of hver pho^ho- 
hpidfl in dogs which had been fed with large quantities of neutral fate. 

Phoephatides are possible precursors of chohne and therefore are at least 
indirectly connected with its functions such as tho transmethylation and hpo- 
tropic action Investigations by Engel (9) Sletten and Grail (10), and Fishman 
Vid Artom (11) have demonstrated that the amounts of phosphdipids, espe 
daily those of choline-oontoining phosphohpids, arc conadorably diminished 
in ohciiiiQ.<Jeficiont rats, the addition of cholme to the diet compensates this 
^ect in very yoimg but not in older animals Fishman and Artom assume 
chobne deficiency is not the only factor responsible for tho decrease of hver 
ph^batides in rate under cxpenmontol diets Aocordmg to these authors, 
response of very young to cholme can bo eiplamed by tho assumption 

t weanling rats have a sufficient stock of the hypothetical additional factors 
“nilarly the metabolism of cephalin might be mvedved in that of its compo- 
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nents such as colamme and inositol It was demonstrated by Stetten (12, 13) 
that colamme m the presence of methyl donors, especially methionine, prevents 
the development of fatty hvers Fishman and Artom (11) found, however, 
that the addition of cdlamme or other non-chohne substances with lipotropic 
activity to a chohne-deficient diet had no effect on the amounts of hver lecithin 
although it increased those of the non-chohne phosphohpids 

The marked hpotropic effect of inositol has been observed m several labora- 
tones (14) 

Beveridge and Lucas (15) pomted out that it is difficult to mterpret the in- 
fluence of the diet on the amount of the total hver phosphatides due to the 
considerable variations of the chemical composition of liver tissue They found 
that neither the removal nor the addition of chohne, mositol, com oil, or of the 
non-essential fat from the diet affected the total relative amounts of phospho- 
hpids in rat hver if the calculation was based on the dned defatted hver tissue 
These observations, however, would have no bearmg on the influence of dietary 
constituents on the mutual proportion of chohne-contammg phosphatides and 
cephahns 

Much of the evidence obtamed m experiments on intact animals supports 
the view that the digestive tract and the hver represent the most important 
organs m the metabolism of the phosphohpids The relatively high phospho- 
lipid content of the lung has led to the question if this organ has an essential 
function m the hpid metabohsm of the orgamsm MacLachlan (16) has studied 
the problem on fastmg mice m which a rapid mobilization of fats takes place 
No significant change m the phosphohpid content of the lungs was observed 
under these conditions On the other hand, there is evidence that the formation 
of phosphohpids is not limited to the specific activity of hver and mtestinal 
tissue, but represents a more general cell function It has been demonstrated 
(17) that a number of isolated tissues (brain, kidney, hver, mtestines) incor- 
porate radioactive phosphorus mto their phosphohpids 

Influence of hormones on the metabolism of phosphohpids The removal of 
the hypophysis and thjuoid glands m dogs is accompamed by a considerable 
mcrease of the amount of all blood hpids (18) 

Entenman, Lorenz, and Chaikofif (19, 20) demonstrated that the mjection of 
estrogens mto male or female immature chickens causes a large mcrease of all 
blood hpids This effect is undoubtedly the mam reason for the mcrease of 
the blood phosphatides already observed by earher authors (21, 22) m the laying 
hen Smce it could be demonstrated (23) that hver slices from birds whicji 
had received estrogens are capable of mcorporatmg radiophosphorus at a 
rate mto their phosphatide fraction than shces from untreated buds, it would 
appear that the hver is the site of the mcreased phosphohpid formation m laying 

The phosphohpid contents of the pig m vanous stages of its embryonic 
ment have been studied by Gortner (24) He observed a steady decrease of t e 
amounts per gram of dry weight durmg the gestation This behavior dine 
from that of the rabbit embiyos (26) m which a strong mcrease of the pn 
phohpids was found during the development 
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ExpenmenU wtih Pa Smco recent comprehenBive reviews of this field have 
been given by Hevesy in Annual Eeviews of Bioohomistry (1040) (20) and by 
Chaikoff m this ioumal (1942)(27), only investigations which have since been 
earned out wiU bo discussed in this article 
Investigntions by Fishier, Entenman, and Chaikoff (28) furnished strong 
evidence that the hver represents the only site of formation of the plasma 
phosphohpids These authors administered radioactive sodium phosphate 
mtiapentoneally to hepatectomised dogs It was found that the amounts of 
radioactive plasma phoephohpids at several mtervals up to 6 hours after the 
m^ections was only very small m companson to those femnd m the control 
animals. Despite their mabihty to form plasma phospbatides, the hepatec- 
tomized animals were still capable of synthesiamg phospbatides at a normal 
rate m kidney and intestmes 

Interestmg now observations concerning the fate of the plasma phosphohpids 
were obtamed by Zilversmit, Entenman, Fishman, and Chaikoff (29) and by 
Remhardt, Rahler and Chaikoff (30) The first group of mvestigators found, 
b agreement with earlier observations by Hahn and Hevesy (31), that radio- 
acbvo phospholipids, when mjected mtravenously, are rapidly and to a large 
part removed from the plasma The larger part of the mjected plasma phos- 
pholipids could be recovered from various tissues such as hver, spleen, mtsstines, 
kidney, and ted globules The second group of authors found that a portion of 
the radioactive phosphohpids reaches the lymphatic channeb and was found 
in the lymph of the thoracic duct The high rate of the passage of the phos 
phohpids from the bloodstream through the tissues to the lymph channels and 
back to the bloodstream leaves no doubt that the phosphohpido permeate the 
capillary membranes as such Smee the phosphohpids which passed mto the 
thoraao duct are returned to the blood, the observations discussed above 
establish the eiostence of a partial “mternal mrcubtion of the phosphohpids.” 
Apart from the phynological significance of the passage of the phospholipids 
through the capiUanes it appears that the possibihty of such an mternal oirou 
btion must be generally considered in the mterpretation of results obtained by 
the use of tracersubstances m intact ommals 
Patterson, Keevil and McHenry (32) found that m chohneHieficient rats the 
turnover of phosphohpids was smaller than in normal animaln These results 
Buhstantiato the conclusions reached by Stetlen and Grail (10) on the basla of 
phosphohpid determinations m hvers of chohne-doficient rats 
As a general summary of tho progreas achieved in the phiaiology of phos- 
phdiplds by the use of tagged molecules it can bo said that tracer substances 
'^sre used hko tracer bullets m order to lighten the pathway and the location of 
the tagged substances m the o rganism However, tho studies with Pn have 
not so far contributed to our knowledge of tho chemical mechanism of the inter 
•uediary metabolism of the phoephohpids This wiU be accomplished only by 
the chemical isolation of tho mtermedlaiy products 
Pnzj/maiic hydrolysis of monophosphatides Our knowledge of tho phos- 
pholipid-splltting enzymes is still rather fragmentary The available data 
concern mainly tho enzymes mvolvcd in tho hydrdysls of lecithin. 
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In analogy with other enzyme reactions, the hydrolysis of the foin ester 
linkages of lecithm is achieved different specific enzymes It has been found 
that the enzyme systems — and, m consequence the mtermediaiy pathways — 
of the breakdown of lecithm are different m different orgamsms 

1) The lecithinase of clostndium Welchti {S3) This microorganism contains 
an enzyme capable of hydrolyzmg the hnkage between the glycerol and the 
phosphoric acid groups of lecithm Its action results m the formation of phos- 
phoryl chohne and diglycendes from lecithm The enzyme is activated by cal- 
cium ions and inhibited by phosphate, fluonde, and citfate ions It appears to 
be identical with the alpha to\m which is responsible for the hemolytic and 
necrotic effects of type A culture filtrates 

2) LecUhohpases a) Enzymes hberatmg one of the fatty acid groups 
Lecithohpases which are capable of hydrolyzmg one of the fatty acid ester 
linkages have been found only m the venoms of various snakes and insects (34, 
35, 36, 37) The action of these enzymes leads to the formation of lysolecithins 
which contam only one fatty acid It seems that these enzymes hydrolyze 
m preference the ester bond of unsaturated fatty acids m the lecithm molecule 

Slotta and Fraenkel-Conrat (38) reported the crystallization from rattle 
jsnake venom (Crotalus T Temficus) of a protein possessmg the hemolytic 
and neurotoxic effects m the same quantitative proportions as the crude venom 
It can be assumed that this protem is identical with the l 5 rsolecithm-formmg 
enzyme Faubairn (39) developed a method for the quantitative determination 
of the lecithin-hydrolyzing enzyme present m the venom of the cotton mouth 
moccasm (Agkistrodon Piscivorus L ) He found, m addition, that the enzyme 
acts only on lecithm and cephahn, while cerebrosides, sphmgomyelm, acetal 
phosphohpids and lysophosphatides are completely resistant 

b) Enzymes hberatmg both fatty acid radicals from lecithm Schmidt, 
Hershman, and Thannhauser (40) isolated a glyceryl phosphoryl chohne from 
beef pancreas which had been mcubated for 3 hours at 37° The simultaneous 
disapjiearance of a large part of the preformed phosphatides suggested the 
assumption that the isolated diester ongmated from the enzymatic hydrolysis 
of lecithm In 1935 Contardi and Ercoh (41) obtamed by mcubation of ly- 
solecithm with nee bran a product which apparently consisted of glyceryl phos- 


phoryl chohne m impure form (See supplement ) 

Pure a-glyceryl phosphoryl chohne is soluble m wmter and alcohol, but in- 
soluble m acetone, ether or petroleum ether The substance isolated by 
Schmidt, Hershman, and Thannhauser is levorotatory («“ — 4 8) One of 
its most characteristic chemical properties is the great labihty of the chohne 
ester linkage When the substance is heated m N HCl on a water bath for 3 
minutes, it is practically completely hydrolyzed to chohne and glyceroph^ 
phone acid In this respect a-glyceryl phosphoryl chohne closely resemb es 
lecithm whereas phosphoryl chohne is very resistant tow ard acids (42) 

The formation of a-glyceryl phosphoryl cholme is effected by the action o^ 
specific mtracellular lecithohpases These enzymes appear to be firmly boM 
m the cells since aqueous tissue extracts contam only small fractions o 
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eniymatic aotiMly found in suspensions of minced tissues Panoreatic hpase 
or duodenal juice are without effect on lecithin or cephalin 
Glyceryl phosphoryl choline is hydrolysed by alkaline phosphatase, but the 
rate of hj’drolysls is approximatelj 160 tunes slower than that observed with 
glycerophosphate as substrate 

At present, ^yceryl phosphoryl ohohne represente the only substance which 
has been identified as an mtennediary product of the mammalian metabolism of 
lecithin. Evidence has been obtamed that glyceryl phosphoryl ohohne is found 
not only m the pancreas but also m other organs, especially m the muooea of the 
digestive system It can bo assumed that glyocryl phosphoryl chohne is the 
intermediary substance of lecithin metabolism, especially of its eniymatio dis- 
integration m the mtestinal mucosa. On the other hand, the assumption that 
glyceryl phosphoryl ohollno might be resynthesised to lecithm m the organism 
would furnish a simple e.rplanation for the rapid moorporation of ingested fatty 
adds mto the phosphatide fraction (2, 3, 4, 6) 

The deterrmnalion of Itpme tn Itssuet The ertmotion of the wet tissue accord 
ing to Bloor (43) is stni the basia of the determination of the total hpms and of 
the individual lipm fractions This precedes all other analytical procedures 
For the detemunation of the total phoaphohpids the alcohol-ether extract is 
evaporated to dryness under reduced pressure or m an atmeephere of N», the dry 
residue is extracted inth a small amount of petroleum other from which the 
phospholipids can be precipitated by acetone and magnesium chlonde and de- 
termined oxydunetnoally after treatment with chromic acid The revieweta 
prefer to determine the total P directly m the petroleum ether extract because 
the results obtained with this techmque are not influenced by the presence of 
cercbrosides. Gortner (44) recently came likewise to the conclusion that the 
results ohtmned with P determination are more consistent than those obtained 
with the oxydimetrlo method 

Foich and Van Siyke (46) desonbed a different extraction procedure for the 
piasma lipids by which certain disadi'ontages of Bioor’e procedure (such as the 
contammation of the final petroleum ether extract with non hpid substances) 
can be avoided The lipids are precipitated together with the proteins by col- 
loidal iron m the presence of magnesium sulfate Finally, they are extracted 
from the washed precipitate by an alcohol-ether mixture at room temperature 
Vanous analytical procedures for the quantitative estimation of the individual 
phosphatide fractions have been devised When they are combined with the 
determination of the total phospholipids a fairly complete quantitative partition 
of a given phosphohpid mixture is obtained It should bo pomted out, howoTCr, 
that the results obtamed with different schemes of the partition show some 
diBcrepanoica which cannot be explained completely as yet One of the diffi 
jailtics encountered m this field arises from the necessity of hydroiyzmg the 
npids prior to the chemical analysis. Despite the fact that the general behavior 
of the hpms toirard hydrolynng ogents is fairly well known the conditions re 
^red for the quantitative hydrolysia of mdlvidual components of the 'vanous 
factions have not ns yet been studied sufficiently to exclude errors due to m 
oompleto hydrolysiB 
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1) The amount of ammo mtrogen m phosphohpid mixtures corresponds to the 
total amount of cephalms The Van Slyke method is therefore widely used for 
the detenmnation of cephahn m phosphohpid mixtures It must be emphasized, 
however, that unsaturated fatty acids evolve considerable amoimts of mert gas 
with mtrous acid (46) Folch, Schneider and Van Slyke (45) found only very 
small amounts of cephahn m the serum hpids when they used the precaution of 
hydrogenatmg the hpids before the determination of the ammo mtrogen Enten- 
man and Chaikoff (47) obtamed similar results by means of chohne determin- 
ations m the plasma hpids It appears that ammo mtrogen detenmnations in 
hpid mixtures should be earned out after the removal of the fatty acids by a 
smtable method of hydrolysis 

2) A micro method for the determination of the two knoivn component 
mtrogen groups of cephahn, namely, ethanolamme and serme, has recently been 
reported by Artom (48) It is based on the quantitative hberation of the 
nitrogen of either substance m the form of ammonia during the oxidation with 
penodate When this method is combmed with the quantitative separation of 
both substances by the selective adsorption of colamme on permutite the amounts 
of either substance can be determmed In many tissues the sum of ethanolamme 
and senne as determmed accordmg to Artom ’s method agrees mth the values for 
the total cephahn obtamed by other methods In some organs such as bram, 
kidney, and lung the figures obtamed with the penodate method are too high 
(probably due to the presence of sphmgohpids in considerable amounts) It 
should be mentioned that Artom found considerable amounts of cephalms m 
blood plasma, contrary to the results obtamed with some techmques reported 
above (See supplement ) 

3) The sum of the chohne-contammg phosphohpids (lecithins and sphm- 
gomyehns) can be estimated by the determination of the chohne obtamed 
after refluxing the hpid mixture for 2 hours with saturated banum hydroxide (49) 
The best method for the detenmnation of chohne appears to be the spectro- 
photometry of its remeckate m acetone solution at 327m/i (49) Amounts between 
50 and 400 y can be determmed with an error of 6 per cent 

Taurog and his co-workers (50) achieved the separation of the cholme-contam 
mg from the non-chohne-contaming phosphatides of hver by adsorption of the 
total phosphatides on magnesiiim oxide and selective elution of the chohne- 
contammg phosphohpids by methanol 

4) The sum of the glycerol-contaimng phosphatides (lecithm and glycero 
cephalms) is obtamed by glycerol detenmnations m the dned phosphohpi 
fractions according to Bhx (61) This method is analogous to the micro methoxy 
detenmnation of ViebSck and Brecher (62) 

Attempts have been made to determine the glycerol m hpid extracts by 
date oxidation (53, 54) The apphcation of this prmciple to the analysis of as 

appears to give rehable results In the case of phosphohpids, the use of pen a 

for the analysis of glycerol meurred serous difficulties 1) the 
hydrolysate of mterfenng substances such as colamme and senne, and t 
that the usual procedures for the hydrolysis of phosphohpids do not lea 



LIPINS AND LIPIDOSES 


296 


liberation of glycerol as such, but to the formation of a mixture of a and ^ ^y- 
cerophospbonc acid, the latter does not react with penodate and thus escapes 
dctcrminaUon It should be emphaaiied that a and |3 glycerophosphate, rather 
than glycerol, should be used as test substance whenever procedures for the 
determination of ^ycerol m phospholipid mixtures are to be checked. 

6) A convemcnt micro method for the quantitative partition of phosphohpid 
mixtures mto monophosphatidea and sphmgomyelin has been developed by 
Schmidt, Benotti, and Thannhauser (56) When leci thin or the ccphalins are 
incubated mth N potassium hj^droxide at 37® for 16 hours the total amount of 
tbeu phosphorus groups becomes soluble in dilute acids, while the phoephorus of 
sphingomyehn remains insoluble under these conditions. 

0) A direct microdetermination of sphingomyehn as acetone insoluble re- 
ineckate has been described by Thannhauser, Benotti and Reinstem (6G) 
The Bphingomyelm reineckate includes that of hydrolecithins which have recently 
been found to be present m sei'eral tissues such os bram and lung 

7) A method for the micro determination of cerebrosides has been developed 
by Brflckner (67) It is based on the colonmetno determination of galactose by 
means of orcinol and sulfunc acid m the hydrolysate of the lipid extracts In 
regard to its specificity it is superior to the earher reductometnc methods (68), 
it should be kept m mind howei'er, that the figures obtained by BrUckner^s 
method do not include the gluoose-contaimng cerebrosides recently found in 
Gaucher organs and also m normal tissues. (See supplement ) 

I^emark8 It can easily be seen that by a suitable combination of so\ eral of the 
procedures just discussed, it will be possible to achie'v'e a rather complete quonti 
tatu-e partiUon of the phospholipids It must be cmphasited, however, that 
the accuracj of figures obtained by difference should be carefully examined m 
each case In the majority of tissues, only the total lecithin and the total ceph 
sbn fractions are so lai^ that errors of the individual determinations do not 
scnously interfere with the calculation of the differences 

Bepresentative figures of the concentration of phospholipids m various tissues 
(48 69, GO) and in isolated nuclei (61) hav'e been reported by several authors 

Teters and Man (62, 03) have recently reported their expenencea concerning 
the amounts of blood phoaphohpids m humans under nonW and pathological 
^^^mditions Thej found that the figures for the phosphohpid P in normal serum 
range between 6 1 and 14 6 mgm per 100 cc High i^ues are often observed in 
thyrdd deficiency and low iTiIuce m hyperthyroidism although normal con 
centrationa may be found in either condition In patients with kidney diseases 
the concentration of phospholipids m the scrum is usuallj elevated In both 
Rroups of diseases, the ratio between the amount of cholesterol and phosphoh 
pids is not altered m comparison to that found in normal serum. 

HI Lipidoses. The group of metabohe disorders designated as "hpidoses" 
« a heterogenic collection of disorders To combine this group under the name 

I'pidoscs" has been generally accepted ranee fat-hko substances of different 
cwmical constitution and properties are found which accumulate in reticulum 
cells and histiocjdes The mechanism leading to such an accumulation of lipids 
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WTthm these cells has not been definitely ascertained In explaining this mechan- 
ism theones have been advanced -which are based on the faculty of reticulum 
cells and histiocytes to take up hpids from the blood stream as well as to syn- 
thesize and retam these substances withm the cell 

A Xanthomatoses For the determination of cholesterol and its esters m 
body tissues and serum, the digitonm precipitation of free cholesterol (I^findaus, 
1) IS used On the basis of such a precipitation a method has been described by 
Schonheuner and Sperry whereby only small quantities of material are neces- 
sary (2) This method is generally used for the estunation for cholesterol and 
its esters m tissues and serum The normal serum values m adults range be- 
tween 190 and 240 mgm per cent for total cholesterol, between 30 and 60 
mgm per cent for free cholesterol, and between 100 and 180 mgm per cent for 
cholesterolesters The cholesterolesters should constitute between 60 and 70 per 
cent of total cholesterols m serum 

The foam cell, the cholesterol imbued reticulum ceU, characteristic of the 
various types of xanthomatoas may originate 

(I) From an mcreased uptake of cholesterol from a serum m which cholesterol 
IS pathologically accumulated, or 

(II) From an mcreased symthesis of cholesterol withm the cell without 
mcreased supply from the blood stream 

I In basing the ongm of the foam cell on the mcreased uptake of cholesterol 
m the reticulum ceU, it is presumed that the cholesterol content of the supplying 
tissue flmds (blood serum or local tissue fluids) is mcreased 

An accumulation of serum cholesterol (Hyperdiolesteremia) may result from 
a ) A decreased destruction of cholesterol Thus far no enzyme capable of 
sphttmg the terpenlike img-system has been isolated from mammahan tissues 
The chemical changes, which occur m the mtermediary metabolism of the 
cholesterol molecule take place m the side cham of that molecule, such as esten- 
ficataon of the alcohohc hydroxyl group, hydrogenation and oxydation on the 
sterol rmg as well as of the side cham It is not defimtely known whether the 
sterol-sex hormones are metabohtes of cholesterol or the result of sterol synthesis 
Cholesterol derivatives m miTHTnal quantities have been isolated from animal or- 
gans It was suggested that cholestenone was present m deposits of cholesterol m 
the artenal wall (3, 4) Hydrocholesterol was isolated from the hver and from 
the serum of pregnant mares (5) Dicholesteiylether is present m the spinal 
cord of the ox (6) Cholestenone resulted from the action of proactmomyces 
upon cholesterol (7) 

A destruction of the cholesterol skeleton was concluded from negative choles- 
terol balance expenments (8, 9, 10, 11, 12, 13) In these balance expenments 
cholesterol was determmed as cholesterol-digitomd From the fact that tM 
expected amount of cholesterol did not precipitate with digitonm it cannot be 
concluded that the cholesterol skeleton was destroyed m the mtermediaiy 
metabolism The sterol nucleus may well be mtact while shght 
reductive changes may have resulted m a sterol unprecipitable with “Sito 
or not gi-vmg the Liebermann-Burchard test Smce it has been shown 



UFDffl AKD tmDOSEB 


297 


baotena present In the Intestinal tract transform cholesterol to a sterol not pre 
elpltable by digitonin (14, 16), it may bo concluded that the deficit of cholesterol 
m balance expenmenta in animals and in men la due rather to baotenal action 
in the intestines upon cholesterol than to a disintegration of the sterol nng in 
the intermediary metabohsm On the basis of our present knowledge an ac 
cumulation of cholesterol m the blood serum or m tissues cannot be explained 
by a decreased destruction of the sterol nng in the mtermedlary metabolism 

b ) The accumulation of eholaierolt in the organism may be due to an impaired 
exertlum of this substance Such a disturbance with resultmg retention of 
cholesterol may be functional or mechamcal As far as we know cholesterol 
fa excreted by the hver via the bile capiUanes (16, 17) and probably also by the 
cells of intestinal mucosa (18, 19, 20) A disturbance of such an excretory func 
tion may result m cholesterol retention m the serum It is not iikely that at the 
onset of a functional disturbance anatomical changes of the affected organ are 
detectable A diminution of choiesterol excretion may be limited to cholesterol 
alone, it may also be accompanied by a diminution of other bile constituents like 
bllirubm and bde acids, le , it may occur with or without jaundice (Hypor- 
cholesteiemia m hepatitis, essential xanthomatosis of the hypercholesteromlo 
typo, seep 299) 

0 ) It 13 evident that mechanical obtinidton of the bile passages, due to stone, 
inflammatoiy or tumerous obstruction, results m a retention of all bde oon 
•tituenta and consequently cholesteroU The serum of patients suffering from 
mBohauical obstruction of the bile duota does not usually show extremely high 
cholesterol figures (usually twice that of normal) The ratio of cholesterol 
cholesterolesters Oncreaso rf free cholesterol, decrease of oholesterolesterB) is 
only altered if acute or ohronlo damage of the Uver cells accompanies the mechan 
ioal obstruction (21, 22, 23, 24) (Hyperoholesteremia in obstructive jaundice ) 

d.) The chcdesterol content of the blood serum may be moreased without func 
tlonal or mechardcal impairment of cholesterol excretion m cases where hyper 
Iipemia {creamy serum) occurs Hyperhpemia may be the result of a disturbed 
metabohsm of neutral fat or may be due to an impaired transportation or de- 
position of neutral fat 'Wheuever neutral fat increases m the serum, cholesterol 
accompardes the neutral fat and results m an increase of free and ester cholesterol 
m the serum In such cases the appearance of foam cells is due to an moreased 
uptake of cholesterol from the serum and is observed m different organs especially 
in skin, spleen, hver and lungs Secondary hyperhpemia with xanthomatosis 
due to diabetic hyperlipemia (26, 20, 27) Secondary hytierhpemia ivith xan 
thoniatoeiB m chiWc pancreatitis (28, 29) Secondary hyperlipemia with xan 
thomatoaia in giycogen storage diseiiEo (Von Gierke's disease) (30, 31, 32) Idio- 
pathic familial hyperlipemia with secondary xanthomatosis (33, 34, 36) 
Hopatosplenomegaly with hyperhpemia and xanthomatosis type BOrger 
Grots (38) 

c ) In cases of hypoOiyrotdttm the cholesterol content of the serum is high 
The reason for the mciease of serum cholesterol is not known Thyroid medi 
cation reduces the cholesterol level of the serum In rare cases of hypothyroidism 
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With veiy high serum cholesterol levels, foam cells with xanthoma formation may 
ongmate m the skm (37) 

f ) A local accumulation of cholesterol with foam cell formation may occur in 
any type of organs where cells undergo desiruclion by inflammatory processes or 
tumor growth In such circumscnbed areas the cholesterol denved from 
necrotic tissue may appear m the detritus as cholesterol ciystals or may be taken 
up by reticulum cells, thereby changmg them appearance to foam cells (Xan- 
thoma cells m inflammatory tissue, osteomyehtis, osteitis fibrosa cystica dis 
semmata, xanthomatous transformation of the mesentery, xanthoma ceUs in 
tumors ) (38) 

II The second mechanism tn Ike origin of xanthoma cells is probably mitiated 
by mtracellular disturbance of enzymes concerned with the cholesterol metab- 
ohsm As already mentioned enzjmies capable of sphtting the sterol skeleton 
are not known to be active m the mtermediary and cellular metabohsm of 
animals For this reason an accumulation of cholesterol due to an enzymatic 
disturbance is not likely to be the result of a decreased cholesterol catabolism, 
but rather to an mcreased anabolism, i e , synthesis of cholesterol It has already 
been shown m the earlier mvestigations of cholesterol metabolism that the 
sterol-rmg system is constantly synthesized m the mammahan orgamsm (39, 40, 
41, 42) Schonheuner, feeding matenals containmg deutenum, demonstrated 
that the small molecules, of 2 and 3 carbon atoms, which may be denved from all 
three food constituents (proteins, carbohydrates and fats) are the basis of 
cellular sterol synthesis (43) From the experiments of Bloch, usmg labeled 
acetic acid, it is evident that considerable quantities of cholesterol are syn- 
thesized from a molecule as small as acetic acid (44) The question anses which 
organs and which cells are capable of cholesterol syntheas This question cannot 
be defimtely answered It is probable that every growmg cell dunng maturation 
IS capable of synthesizmg cholesterol but this function seems to be maintained to 
a higher degree m reticulum cells m which the functional possibihties of em 
bryonal cells especially of embryonal fat cells to form all kmds of hpids are 
preserved (45, 46) In the fully developed organism the hver seems to have a 
special part not only m the excretion but also m the performance of the synthesis 
of the sterols The expenments of Thannhauser, Enderlen and Jenke on dogs 
with bile fistulas demonstrated that the synthesis of the sterol-skeleton of bile 
acids occurs as a biological synthesis m the hver (16) In further expenments 
(47) it was shown that after hver extirpation in dogs the serum cholesterol is not 
decreased after 24 hours The lowest values of cholesterol, however are found 
m the serum of patients suffenng from acute ymllow hver atrophy (48) This 
observation supports the theory that the hver plays an important part m the 
formation of cholesterol m the mature orgamsm It is suggestive to draw an 
analogy of the behavior of cholesterol and of porphyrms in the metabohsm 
Both substances consist of rmg systems, a terpen rmg on the one hand m 
pyrrolnngs on the other hand Both rmg systems are formed m the cells, bu 
neither the terpennng nor the pyrrolrmg is spht by enzymatic dismtegration m 
ammals The mammahan organism is apparently fit to synthesize nng syste 
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but IB not capable of epUtting these ring systems after they are formed The 
enijmAt'o Eiynthcsia of sterols and pyrrols is apparently performed by the same 
organ cells, namely, the reticulum cells and histiocytes Smeo the greatest 
accumulation of reticulum cells is found in the h\er, it seems understandable that 
this organ is the outstandmg organ mvolved m tbo formation of cholesterol 
The reticulum cells dispensed m other organs are supposed to be capable of per- 
fonning the same funobons but the actual magmtude of tbelr part m cholesterol 
synthesis under normal conditions is not well known. We only are aware that 
the cholesterol content of tho serum m acute yellow liver atrophy is markedly 
decreaaed but neverthelesa cholesterol m the serum is always present mdicatmg 
that cholesterol is also formed outaide of the hver For these reasons different 
cluneal nyndromes may occur imder pathological conditions whether the mcreaso 
of cholesterol formation ocours m the hver or is performed outaido of the hver, 
manifesting itself, in the latter case, aa a sjstcmlo disorder of the reticulum 
cells and histiocytes 

a.) Increated cholaierol formaiton in the Itcer In the hver, the cholesterol 
mtcrction in the bile and tho release of newly {armed cholesterol mto tho blood 
stream seems to bo functionally related An mcrease of cholesterol formation in 
the hver may therefore mvolvo these functions in such a way that in case more 
cholesterol is formed and released mto the blood stream more cholesterol is 
excreted into the hie fluid However, the physiologioal range of the excretory 
functions of cholesterol m the hver is apparently limited smeo the concentration 
of cholesterol m tho bile is low and vanes but bttle (16, 49) For this reason 
increased oholesterol formation m tho hver must lead to a considorable accumula 
tlon of cholesterol in the blood serum, without pnmanly Involving the other 
funebonB of this organ. It is understandable that os long as the hver paren 
ohyma is undamaged the mcreased amount of cholesterol produced and re 
leased into the blood stream will appear as cholesterolester (21) 

The olmical syndrrane designated by Thannhauscr and Magendants as 
“primary essential xanthomatosis of the hypcrcholesteremio type” may bo 
explained on the basis of suoh a pathogeneais mitiated by an increased oholesterol 
formation in the liver It is manifested by an acciimnlabon of cholesterol 
in the serum since the phyaioli^oal faodibes for cholesterol excrebon m the hver 
apparently cannot adjust themselves to the mcreased supply 

This syndrome is charaotenied by 1) xanthoma formabon of the skm (xan 
thoma tuberosa et plana) , 2) xanthoma of tho tendons whereby nodes ore pro- 
duced conoobng of cholesterol-containing foam cdls and fibrous tissue, 8) 
xanthoma of tho intiina of blood vessels and of the endocardial hmngs of tho 
heart The incidence of this syndrome m families aa recessive hereditary stigma 
is of great interest In members of tho same family tho comploto syndrome may 
bo present while m others only hypcrcholeatoremia may ho found (Incomplete 
form, form fruste) (60) 

In contrast to other types of hypercholesteremia tho scrum m this group of 
eases docs not contain increased amount of neutral fat and is therefore not 
®oamy m appearance This significant difference is due to the different mccha 
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niflm resulting in hypercholesteremia It is suggested that m “essential xan- 
thomatosis of the hjrpercholesteremic t 3 Tje“ the hypercholesteremia is caused by 
an mcreased formation of cholesterol m the hver not compensated by an in- 
creased excretion, while h 3 T}ercholesteremia associated with an mcrease of 
neutral fat (creamy serum) is a phenomenon due to a disturbance of the deposi- 
tion or transportation of neutral fat as cholesterol accompames neutral fat 
wherever it travels and accumulates m the organism Jn the hver of cases of 
“essential xanthomatosis of the hypercholesteremic type” anatomical changes 
may not be detectable m the begmmng of the disorder This is imderstandable, 
since a functional disturbance of the balance between cholesterol production and 
cholesterol excretion is assumed to be the pathogenetic factor for this type of 
essential xanthomatosis If, however, m later stages of the disorder anatomical 
changes of the hver occur, such changes do not consist of foam cell formation 
withm the hver tissue itself but they appear chmcally and anatonucally as 
features of a slowly developmg bihaiy cirrhosis It has been suggested that this 
special type of bihary cirrhosis be designated “xanthomatous bihary cirrhosis” 
(50) because its outstandmg features are hypercholesteremia with xanthoma 
formation of the skin of the tendons and of the inner hnmgs of blood vessels 
In some of these cases also the inner hmngs of the bile ducts and of the gall 
bladder are covered with xanthomatous lesions The chemical anal}^ of the 
serum m these cases shows an increase of the total cholesterol and also an mcrease 
of lecithm to 3-6 times of the normal values The cholesterolesters are prev- 
alent The neutral fat however is normal or only shghtly mcreased The 
bihrubm is considerably elevated in proportion to the jaundice which has been 
present for many years In the later stages of the disease, concurrent with 
the slow progress of the hver damage and the slowly developmg cirrhosiB, the 
cholesterol values decrease gradually and the cholesterol cholesterolester ratio 
changes m favor of the free cholesterol Dehydrocholesterol which is present 
only m small amoimts m normal serum is foimd to be mcreased (51) 
b ) Increased cholesterol formation in reticulum cells and histiocytes Pmkus 
and Pick (61) were the first to discover that the fat substances m the foam cells 
are cholesterol and cholesterolesters They advanced the theory that “choles- 
terol infiltration of certam cells takes place because of an mcreased cholesterol 
supply from the blood ” There is however a clmically and anatomically well 
defined group exhibitmg xanthoma formation without mcreased cholesterol 
supply from the blood presentmg normal cholesterol values of the serum Such 
an occurrence cannot be explamed by the assumption of an infiltration of cho- 
lesterol due to an mcreased supply Waldeyer (45) has already suggested that 
the xanthoma ceU is an embryonal cell capable of formmg different kmds o 
lipids, which are retamed within the cell and only released by dismtegration o 
these cells Smce reticulum cells and histiocytes retam the functional possi 
ties of embryonal cells it can be assumed that they also are capable 
vanous kmds of hpids and also of cholesterol It is conceivable that m th^ 

a disturbance of the mtracellular enzymatic systems concerned with t e or 
mation of cholesterol may result in an accumulation of cholestero wi m 
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cell thereby tranrfonning these cells mto xanthoma cella (foam cells) It may bo 
understood that also under these abnormal conditions the cholesterol formed in 
excess is retained withm the cell and not released mto the blood stream Such 
an explanation was appbed by Thannhauser and Magendants (60) to the path 
elegy of a syatemio xanthomatous disorder which they designated as “Primary 
essential xanthomatosis of the normooholesteremio typo” smghng out the normal 
cholesterol content of the blood as the leading symptom. As the foam cells in 
this typo occur oonourrently with a systemic new growth of granulomatous tissue 
the dirorder was designated by W Cheater (68, 64) as “lipoidgranulomatosia.” 
Eccently the pathologists L Lichtenstein and H Jaffe (67) and especially 
8 Farber (66, 66) designated this group as "Eosmophiho granuloma" because 
cosmophilio colls as well as giant cells are found m the granulomatous tissue be- 
side the neste of foam cella In some juvenilo cases neste of foam cells may oven 
bo absent or very aoarco Whatever designation these authors use they refer to 
the same disease It is charactcriied by a special type of a aystenuc granuloma 
b which, foam oeUs smgly or m large nests have developed despite the fact that 
the cholcatorol level of the ciroidating blood is normal In earher times before 
aH the features of thb syndrome were sufficiently studied considerable confusion 
was caused by the fact that only one or the other organ may bo affected by the 
disease Vanoua names referrmg to the organ mvolved are found m the hter 
ature such as xanthoma disseminata of the skm, lipid granulomatosis of the 
bones, Hand-SchuUer-Chnation syndrome They are all smgly or m vanous 
combmations in the syndrome (essential xanthomatosb of the normocholes- 
tcremic type, eosmophiho granuloma, hpid granuloma) are the skm (disaommata 
typo of xanthoma), the skebton, dura, bram, lungs, pleura, lymph nodes, liver 
and spleen (60) 

VThfie a description of the rlmiral picture of thb systemic disorder and an 
elaboration of the differential diagnosis m question has no pbee m this review, 
three differential dbgnostlo pomts, however, should be streased m distinguishing 
the hypercholestoremio from the normooholesteremio typo of essential 
xanthomoeis 

1 ) The skin xanthoma m the hyperoholesteremio typo are “xanthoma tuborosa 
et plana" of carotinhke color ffbe skin xanthoma in the nonnooholosteromio 
typo are “xanthoma disseminata” of eepia or chamois hue Both kinds are also 
different m their iocation 

2) The organs involved in the “hypercholestereimo typo” are the skm, the 
tendons, the inner byer of blood vesseb and poesibly the inner byer of the bile 
duds Thb typo occurs often in fa mili es The organs affected m the “nor- 
mocholesteremic typo” (eosmophiho granuloma) are the skm (disseminata 
typo of xanthoma), the skeleton, dura, bram, lungs, lymph nodes, spleen and 
turer Tendons and Inner byer of the blood vesseb are not involv^ m the 
‘ nermochdesteremic typo " This typo of essential xanthomatosb is not m 
bented. 

8) It the liver is mvolved m the “hyperoholesteremio” type it differs clinically 
and anatomically from the liver mvolvement in the “normooholcsteremic” 
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type (eosmophibc granuloma) In the hypercholesteremic type, jaundice of th'' 
obstructive kind is present lastmg many years, bihaiy cirrhosis and in th 
late stages even symptoms of portal obstruction may develop Foam cells ar 
not formed in the liver tissue In the normocholesteremic type (eosmophili 
granuloma) however, in contrast to these findmgs, jaundice is never present 
While the liver disease does not develop to bihary curhosis, httle grayisl 
nodules of granulomatous tissue are found irregularly dispersed m the live 
consisting of granulomatous tissue contammg nests of foam cells and als 
eosinophiles 

A classification of the various kmds of diseases exhibiting xanthoma fommtioi 
IS suggested by Thannhauser (58) 

I Primary Essential Xanthomatosis (Reticular and Histiocjdic Cholesterosis 
A Primary essential xanthomatosis of the h 3 T)ercholesteremic type 

1 Xanthelasma of the eyehds and xanthoma tuberosum et planum 

2 Tendon xanthoma 

3 Xanthoma tuberosum et planum and tendon xanthoma 

4 Xanthoma of the blood vessels and endocardium 

5 Forme fruste of essential xanthomatosis 

6 Xanthomatous bihary cirrhosis 

B Primary essential xanthomatosis of the normocholesteremic type (eosmo 

phihc granuloma) 

1 Xanthoma dissemmatum of the skm 

2 Xanthoma dissemmatum and diabetes insipidus 

3 Osseous xanthoma 

4 Schuller-Chnstian syndrome Osseous xanthoma (defects m the 
membranous bones of the skull), exophthalmus and diabetes insipiduE 

5 Generahzed xanthoma of the normocholesteremic type (Eosino- 
phihc granuloma) Xanthoma dissemmatum, xanthoma of the dura 
and bram, xanthomatous mvolvement of the lungs and pleura with 
consequent pulmonary fibrosis, xanthomatosiB of the lymph nodes, 
hepatosplenomegaly due to scattered nests of xanthoma cells m the 
spleen and hver 

II Secondary Xanthomatosis Due to Hyperhjiemia 

A Idiopathic (famihal) hyperhpemia with hepatosplenomegaly and second 

ary xanthoma 

B Secondaiy xanthomatosis due to diabetic hyperhjiemia 
C Hyperhpemia with secondaiy xanthomatosis m chrome pancreatitis 
D Hyperhpemia in glycogen storage disease 
E Hyperhpemia m lipoid nephrosis 
in Locahzed Xanthoma Formation m Inflammatory Tissue and m 
Tumors 

A Xanthoma cells m inflammatory tissue 

1 Inflammatoiy xanthoma of the breast, 

2 Osteomyehtis, osteitis fibrosa cystica disseminata 

3 Xanthomatous transformation of the mesentery (mtestinal poay 
trophy of Whipple) 
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4 Xantbolipomas 
B Xanthoma ceDa in tumors 

1 Nevo-iantho-nndothelJoraa 

2 Xanthomatous pdycystio lymphangiomas 

3 Single xanthomatous giant cell tumors 

4 Epithelial tumors with xanthoma cells 
C Xanthoma cells m other conditions 

1 Lipoid protemosis 

2 Necrobiosis hpoidica dlabetiooram 

SchSnheimer and his co-workers (69, 00, 61, 62, 63) have shown that neither 
berbivoroua nor carmvorous a nimals absorb plant sterols from the mtestines 
Animal cholesterol derived from food or from secretion m the bowels is the only 
sterol absorbed from the intestines. For this reason a diet loiv m animal choles 
terol containmg mainly fat of vegetable ongm should be given to patients ox 
hilating xanthoma with hyperoholesleroinia (64) In cases of “essential xan 
tbomatoais of the normocholesteremio type” a diet low m animal sterols has no 
influence on xanthoma formation. 

B Niemann Pick’s Disease (Rehcidar and Histiocytic Sphtnyomyehnosis) 
nus disorder was flrst described by A Niemann in a case reported m 1014 (1) 

It was L. Pick, in 1927, who differentiated this condition (2) from Gaucher’s 
disease E Klenk (3, 4) diaoovered that the hpid present m the large pale cells 
was mamly sphmgomyehn Those sphingomyelin-loaded cells are found in all 
organs of the body and are not restricted the lympho-bemopoietlc apparatus 
Comprehensive studies of the disease are included in the monograph of T Bau- 
mann, E Klenk, and S Soheidegger, (6) and 8 J Thannhauser (0) In the pres 
enco of Niemaim Pick's disease sphingomyebn determinations m different organs 
showed a tremendous increase over the normal However, m the bram the sphm 
gomyehn content was found in the range of normal values (3, 7, 8, 9) The fatty 
acids yielded after hydrolysis of sphmgomyehn of Niemann Kck organs did not 
differ from the fatty acids of sphingomyebn prepared from normal organs (10, 11) 
Sphingomyelin of brain of Niemann Kok diseW however was found to contam 
only stearic acid in contrast to sphingomyebn of normal brain, which yielded 
hgnoceno, palmitio, and steanc acid (12) Other authors (13, 14) have reported 
that mamly steanc acid is present but also hgnoceno and palmitio amd are found 
in the sphingomyebn isolated from the Niemann Pick bram These studies 
elaborating the differences of the fatty acids of sphmgomyehn cannot boconsid 
as final since it was not known at those times that the sphmgomyeUn isolated 
by the methods of preparation generally used is mixed with a glycerol containing 
roonophosphatide (16, 16, 17) This substance was shown to be a hydrolecithin 
cOTtaimng palmitio acid (18) As the physical properties of hydrolecitlun are 
•taost identical with sphingomyelm its presence m sphingomyebn preparations 
™ eluded discovery It is therefore not yet proven that sphingomyebn isolated 
bom Niemann Pick bram may differ from normal sphingomyelm m respect to its 
tatty acids 


L. Pick’s conception (2, 19) of the pathogenesis of Niemann Pick’s disease was 
bawd on the idea that sphingomyelin is taken up from the circulating blood and 
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deposited and stored m the reticulum cells and histiocytes By this conceptaon 
it IS assumed that the substance deposited and accumulated m a cell is first m 
creased in the serum The sphmgomyelm content of the serum of patients 
suffenng of Niemann-Pick’s disease however is normal (6, 20) The hypothesis 
that sphmgomyelm is deposited m the cell as a result of its accumulation m the 
serum is not substantiated by these analytical findmgs Sperry (21), however 
IS not of the opmion “that a normal hpid concentration m the serum of patients 
with hpoidosis rules out the possibihty that the hpids deposited m tissues were 
transported there by the blood, it may mdicate that the primary lesion is in the 
cells, where the deposition takes place and is of such a nature as to cause the up- 
take of hpids from the serum by a sort of vacuum process ” This rather unusual 
conception of a “vacuum process” is unparalleled m cellular metahohsm of 
animals A deposition and mfiltration of reticulum cells and histiocytes with 
sphmgomyelm (22) and with aceton-msoluble hpids obtamed from beef brain 
(23) was only possible by mjection of these substances whereby then concentra 
tion m the body flmds was abnormally mcreased 
In analogy with the conception of the pathogenesis of essential xanthomosis 
of the normocholesteremic type (hpid granulomatosis, eosmophihc granuloma) 
Thannhauser expresses the opmion that also m Niemann-Pick disease an intra- 
cellular enz 3 miatic disturbance of sphmgomyelm dismtegration or new formation 
leads to an accumulation of sphmgomyelm withm the cell 
ICnowledge concemmg the enzymes mvolved m the ana- and kataboham of 
sphmgomyelm is very meager The occurrence of ceramides (fatty acidamids of 
sphmgosm) m organs where also sphmgomyelm is found (24) suggests the idea 
that ceranudes are the basic substances from which the synthesis of splungomy- 
elm proceeds by esterification with phosphorylchohne Vice versa, ceramides may 
ongmate from sphmgomyelm by sphttmg of phosphorylchohne from its molecule 
There is however up to the present no experimental evidence of the enzymes in- 
volved m such a reaction so that the pathways used for sphmgomymhn formation 
and dismtegration are unknown llie methods employed for the estimation of 


sphmgomyelm are described on page 296 

The Niemann-Pick cell is pale and foamy m appearance and forty-five or more 
microns m diameter (25, 26) There is no new growth of granulomatous tissue 
as 13 found m essential xanthomatosie of the “normocholesteremic” type (lap'd 
granulomatosis, eosmophihc granuloma ) Concernmg the histiogenesiB of the 
Niemann-Pick cell, opmions vary, smce not only the reticulo-endothelial appa- 
ratus but more or less all the tissues of the body are mvolved Bloom (27) ex- 
pressed the foUowmg opmion “lii studymg the tissues for the source of bpoia- 
laden phagocytes, certam genetic relationships between some of the vanous 
connective tissue cells of the human organism become apparent All stages m t e 
mobihzation of the embryomc mesenchymal ceils and the mature histiocyto w ^ 
mto large hpoid contammg bstioiytes can be clearly seen The foam cells - 
velop from the restmg endothelial and from the Kupfer cells m the ^ 

reticulum cells of the lymph nodes, the reticulum cells (exclusive of the li 
cells) m the spleen and bone marrow, from the reticulum cells of the mea 
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the connective tissue and the ponvnscular embryonic cells and phagocytes all over 
the body ” 

Chemical analysis of the blood serum m Niemann Pick’s disease shous a 
nomial composition of its constituents (6) The neutral fat is shghtly increased 
but as already mentioned, the concentration of sphingomyelin is within normal 
limits (28) In the blood smear giant reticulum cells probably contaimng sphm 
granydin nere found (6) The ganghon ceDs of the brain are enormously blown 
up and show dismtegration of the tigrmd bodies All areas of the brain demon 
stratc the same degenerative process of the ganglion cells (6) Niemann Pick 
cells usually do not stain with the cugtcmaiy fat stains, Sudan ITI or Nile blue 
sulphate The Lorram-Smith Dietnch teehmcpie is used to demonstrate sphm 
gomyehn m tissue cells. 

Niemaim Pick’s disease has been observed in sm^e cases and also m families. 
The disease occurs in infants The infants usually are bom at full term and 
with normal weight The onset of the disease is insidiouB, first there is loss of 
appetite and oorrespondmg loss of wei^t until the infant becomes thin and 
emaciated. The abdomen becomes enlarged. Diarrhea and vomiting result in 
dehydration Gradually the motor and psychic functions arc lost In the ad 
vanced phase of the disease the chdd is apathetic The face has a mongcdoid 
expression, the mouth is open and the tongue protrades The emaciated cx 
tremities have an mereased tone and can scarcely move The infant becomes 
compietely debhtated mentally and physically until death terminates its life 
between the first and second year The skm shows a diffuse brown ish yellowish 
pigmentation There is also pigmentation of the mucous membranes of the 
mouth and blue-black spots on the tongue and on the gums (so-called mon 
gehan spots) are present The skeletal and nervous system as well as all internal 
organa are Involved in the disease and may produce climoal symptoms (20) 

C Qaticher’s Daeast {Reticular and Hietioq/itc CerAnmdotiu) Under the title 
"De I’epithelioma pnmitif de la rate” m 1882, K Gauoher desenbed a disease 
which is charactenied by an enlargement of the spleen (1) It was not nntd 1906 
that Brin, Mandelbaum and libman (2) recogmsed the mvolvoment of the liver 
and the osseous system as well as the spleen m this disease It was thought that 
this disease was neoplastic m nature ScMagonhaufer was the first, in 1900, to 
refer to this disease (3) as a disorder of the lymph hemopoietio sj’stcm Mar 
chand, 1907, m a study of the histology of the disease (4) pointed out that it was 
neither neoplastic nor simple hyperplasia but resulted from a deposit of some 
foreign substance This substance was identified by Lieb m 1927 ns oerebroeido 
and was thought to be identical with kerasm (6, 6) Epstem and Loreni, 1930, 
referred to Gaucher’s disease as analogous to lanthomatoeiB and Niemann Pick’s 
disease calling attention to the fact that m these three disorders three different 
types of hpids arc found predominantly deposited in large colls of vanoua organs 
P) L. Pick (1933) classified these three diseases as disorders of the hpid roetabo- 
hsm Buggoatlng that the different hpids mvdived in the special typo are accumu- 
lated m the blood stream and deposited and stored in the reticulum cells (8) A 
special form of Gaucher’s disease occurring only in infancy was described, 1927, 
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by Oberlmg and Wonnger (9) The infantile form is not restncted to reticulum 
cells of the lymph-hemopoietic system, but as m Niemann-Pick’s disease involves 
all organs transformmg the restmg mesenchymal cells as well as the mature histio- 
cytes and reticulum cells into large cells laden with cerebrosides 
Since L Pick m his classical description of the hpid disorders (8) advanced the 
opimon that in Gaucher’s disease the hpid accumulation is the result of a meta- 
bohc disorder, different theories have been suggested The focal pomt of Pick’s 
theory is the assumption that cerebrosides are deposited m the cell from the blood 
stream Such an opimon has as a prereqmsite that cerebrosides are present m 
abnormal amounts m the serum of these patients No one up to the present time, 
however, has been able to isolate cerebrosides at all from normal serum or from 
the serum of Gaucher’s disease (10, 11, 12) The only reference to the presence of 
cerebrosides m serum is found m papers dealing with “quantitative” methods of 
determination of cerebrosides m plasma (13) These methods are mdirect 
methods based on the reduction of sugar hberated by hydrolysis from cerebro- 
sides However Thannhauser and co-workers (13) as well as Bruckner (12) 
were not able to demonstrate measurable amounts of cerebrosides m normal 
serum Correspondmgly m the serum of patients affected with Gaucher’s 
disease not more than traces of a substance givmg the Mohsch reaction could be 
detected (10, 11) On the basis of these negative findmgs it seems justiBed to 
assume that cerebrosides are not present m measurable quantities either m the 
serum of normal mdividuals or m the serum of patients afflicted with Gaucher’s 
disease A theory explaimng the accumulation of cerebrosides m the reticulum 
cells of Gaucher’s disease by an mcreased transportation and secondary depoa 
tion m the cells does not seem therefore to comcide with the actual findmgs 
Thannhauser (14) expressed the opimon that cerebrosides are produced withm 
the same cells, m which they are found Consequently a metabohc disorder 
leadmg to an overproduction and accumulation of cerebrosides must take place 
withm the cell, where this substance ongmates For this reason it was suggested 
that the accumulation of cerebrosides m Gaucher’s disease is due to a disturbance 
of the mtracellular enzymes concerned with the ana- and catabolism of cerebro- 
sides, this explanation is analogous to the conception ventured for the etiology of 
essential xanthomatosis of the “normocholesteremic” type (hpid granulomatosis, 
eosmophihc granuloma) and for Niemann-Pick’s disease, see p 308 

In anunals mjections of cerebrosides as well as injections of cholesterol and 
sphingomyelm produce an mcrease of the serum level of these substances above 
the normal and a secondary deposition m the phagocytic histiocytes (15, 16) 
Such experiments, however, do not penmt the assumption that an analogous 
sequence of events (accumulation above the normal level m the serum and depo- 
sition m the reticulum cells and histiocytes) is responsible for the accumulation o 
hpids m Gaucher’s disease or m essential xanthomatosis of the normochole^r- 
enuc type or m Niemaim-Pick’s disease The hpid cells m these disc ers 
onginate while the concentration of the hpids mvolved m the serum is not hi^er 
than that found m normal mdividuals The formation of lipid-laden 
after injection of vanous hpids, however, is analogous m its mechanism to 
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xanthoma ceU formation secondary to hyporhpcmia aocompamed by hyper 

choleateremia See page 297 . . i, i 

In normal individuals cerebrosides are found m great qu^tibes m bndn and 
nerve tissue and m very small quantities m spleen (17) and lung ( ) 
believed that the cerebrosides accumulated m the organs of patients with Gauch 
eds disease are identical with kerasln. a galnctoside oocumng in 
(6, 6) Aghion (19) and especiaUy Halliday, Deuel TrageriMm, and Warf (20) 
however proved conclusively that the cerebrosides found in the oi^ 

Sr’s diseases are mainly glucosldes since their sugar component fermented ™th 
yeast This findmg later was confirmed by Menk (21 . 22) and other authors (23) 
The question has been raised whether Gaucher’s disease results from the formation 
of an abnormal, unphysiological glucoee-oontainmg ceiebroside Monk, howe^. 
demonstrated that the smaU quantities of cerebrosides pr^nt m no^ 
spleen yielded both types of cerebrosides, galactoades and ^ucoades ( 22 ) ^ 

m KTviill amounts of cerebrosides isolated from beef lungs both types o ^ 
sides were found (24) For this reason it is not permiasible to as^e that the 
ducose contninmg ceiebroside found m Gaucher’s disease is an abnormal cer^ 
brosido The interesting fact, however, remains that m Gaucher a diseare m^ y 
a glucose-coutaiiuiig cerebroeido Is formed and retained within ce a 
mvolved organs (spleen, Uver, lymph nodes, and bones) 

^ucose-eontaimng cerebroside as the mam constituent of the lipid accumula^ 
m Gaucher organs is an unportant reason against the assumption of an mcreasca 
tranaportation and deposition of cerebrosides as etiology for this since 

in bram which is not involved in the cases of adult Gaucher^s disease the cere- 


broades present are galactomdes as in normal brain 
Very little is known concermng the nature of the cniymes produang c 
breside formation and dismtegration A glucoaide^htting en iyro e is preeen m 
the spleen (26) There is a lack of knowledge concerning the ensymes responsible 
for the Byntheris of cerebromdes Also the intermediary producta occur^g m 
formation and dismtegration of oerebroeidee ore not definitely ot^ 
hovrever, suggested that the ceramides (hke hgnoccrylphmgoeme) mg a cot 
B titucnt of both the cerebrosides as well as the sphingomyelm mo e 
basic compoimds partmg from which the synthesis of both eubstan^ pr 
and Vice versa to which their dismte^^tion leads Since lignc^ry p 
(26) B found tb be present in organs together with cerebrt^dea OTd sphin^ 
myelin, it was thought possible that gphmgomyelln is built from cemmi 
by esterification with phoephorylcholmo while cerebrosides may t ^su ^ ' 

conibination with a monosaccharide In glucoside linkage This suggestion 


B expressed as a hypothesis m figure 1 , 

In tffdcr to estimate the amount of cerebrosides m organs and ® 

methods are employed (28, 29, 30, 31) The principle of these molho^ is ba^ 
on the sugar content of tlte ccrebroade moieouio The sugar is sp i r^ 
molecule by acid hydrolysis. The galactoae is deteimincd coionraetncallj tno 
glucose by fermentation Smeo the quantities of ccrebroados in nom^ or^ 
we very small their extraction does not yield pure substances necessary for colt 
metric detcrminatioiL 
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The Gaucher cells, m contrast to the foam ceUs m xanthomatosis and in Nie- 
mann-Pick’s disease, are very large and homogeneous They are usually multi 
nucleated and do not stain dark blue with Lorram-Smith-Dietnch stain 
The adult form of Gaucher’s disease occurs m famihes and smgly The onset 
of the disease is so insidious that the first symptoms may escape observation. 
An enlarged spleen may develop as the first sign or pam located m the skeletal 
system may, without viable enlargement of the spleen, constitute the first symp- 
tom of the disease Patchy pigmentation of the face amilar to that seen in 
cloasma utennum may be seen m later stages A wedge-shaped, darkly pig 
mented thickenmg of the conjunctiva on both ades of the pupils as well as hnear 



pigmentation of the legs is not a constant symptom of the disease The increase 
m the aze of the hver and the lynnph glands is observed subsequent to the en- 
largement of the spleen The size of the spleen may become enormous and is 
always more impresave than the size of the enlarged hver Severe pains of the 
bones occur m intervals and are accompamed by fever In some patients e 
osseous mvolvement proceeds without pain and fever and is only discovered y 
systematic X-ray examination of the entire skeleton The X-ray picture of t e 
femur reveals m most cases a charactenstic deformity The waisthne of e 
femur above the condyles disappears because the thinned cortex of the bone s«nis 
to be expanded and inflated m this area, probably as the result of the rep 
ment of the marrow by Gaucher cells, givmg the distal end of the femur 
contours of an Erlenmoyer flask 

The diagnosis of Gaucher’s disease is made by its climcal features ana oy 
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i.-ray plotures of the bones. It should be confirmed by a bono marrow biopsy 
ihowing the charaotenstio Gaucher cell As already mentioned the chemical 
analysis of the blood serum reveals nothing oharactenstio The morphologjoal 
emnunation of the blood shows m same eases anemia, leukopenia and thrombo- 
cytopenia These features of panoytopema are usually found in cases m which 
the bone marrow is replaced by other tissues, m the disease under discussion the 
marrow is replaced by Gaucher cells 

The course of the adult form of Gaucher’s disease depends on the age as well 
as on the speed at which the symptoms develop The younger the patient the 
more rapid is the course of the disease As a rule the course of the disease in 
idults is protracted and may last a life tame Tuberculosis is a frequent comph 
cation of Gaucher’s disease 

In the so-called “infantile form’’ of Gaucher’s disease the develo^hnent differs, 
in that not only the organs of the lymph hemopoietic system are involved but 
Gaucher cells develop in the bmm, lungs, and most of the organs (32) The 
symptoms resulbng from the mvolvement of the bram dominate the climoal 
picture As a result of the extension of the disease to all organs the ollmcal 
features and the rapid progress of the disease are not unlike that observed in 
Nlemaim Pick’s disease The finding of Gaucher cells m bone marrow biopsies 



D Tay-SachtDuaue (Amaurotic Idtoey,Jw)entUTvpe) Sachs (1) described 
in 1896 “A Family Form of Idiocy Generally Fatal Assodated with Early Bhnd 
ness.” The ophthalmological features of these diseases had already been pub- 
hshsd m 1881, by the English ophthalmologist W Tay (2) Since oharactenstio 
changes in the return, oharactemed by a cherry red spot withm a grayish green 
halo occupying the place of the macula and progressivo mental detenoration 
occur m Niemann Pick’s disease as well as m Tay-Sachs’ disease it was thought 
that both diseases are related m respect to then- ebology Thannhauser (3), 
however, showed that the sphingomyelin content of organs was not increased m 
Tay-Sachs’ disease m contrast to the accumulation of sphingomyelm in Niemann 
Pick’s disease Also the histological examination of the retina (4) revealed 
differences m the histological changes of the rehna in both diseases The chemi 
cal difference of Tay-Sachs’ disease and Niemann’s was finally established by E 
Klenk, by the isolation of a new group of hpids from the bmm of infants suffering 
from Tay-Sachs' disease Klenk named this now group of lipids "ganghoadea" 
(Substance X) The chcmicai properties of the gan^ioades are discussed on 
PSKo 287 (5, 0) The ganghosidcs are present in normal brain, but are increased 
in the brain of Tay-Sachs’ disease replacing to some extent the ccrebrosidcs (7) 

In Taj -vSachs’ disease the ganghunide content of the total sohds of the brain is 
found to be 4-8 per eont, m contrast to 0 3 per cent in the normal bram There is 
a question whether two types of amaurotic idiocy occur The one typo is called 
Tay-Sachs’ disease, the other is designated the "juvenile typo of amaurotic 
idiocy ” In ths latter type, Klenk found tlm gan^osido content of the bram 
only slightly increased (1.6 per cent) Shghtly mcreased values of gangliosides 
also found in Niemann Pick’s disease It is however defimtely establislied 
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that Niemann-Pick’s disease is entirely distinct from Tay-Sachs’ disease as the 
sphmgomyehn content of all organs m Tay-Sachs’ disease is normal 
E Pfaundler-Hurler’s Disease (Oargoylism) It is questionable whether 
changes m hpid metabohsm are responsible for this rare syndrome Up to the 
present there are no chemical findings reported which favor such an etiology of 
this disease (1, 2, 3, 4, 5) 


SUPPLEMENT 

Inositclphosphaiides J Folch (Fed Proc 6, 134 (1946)) succeeded in further 
purifymg the mositolphosphatide fraction of bram The complete acid hydrol 
ysis of the product yielded mositol phosphonc acid, glycerol and fatty acids in 
ratios 12 11 In the mtact phosphatide both phosphonc acid groups are 
estenfied with mositol smce a short acid hydrolysis resulted m the formation of 
mositol-m-diphosphonc acid ester 

The phosphatide contamed 16% mositol It accounts for the total amount 
of mositol present m the crude cephahne fraction The mtrogen content of 
0 6% IS far below that required for the presence of one equivalent of base It is 
not yet established whether the N contammg group is a part of the phosphatide 
molecule or whether it is a contammation 

Cardiolipin On saponification with alcohohc potassium hydroxide, cardiohpm 
yields an organic P ester which is very easily hydrolyzed by dilute mineral acids 
(W C Pangbom, Fed Proc 6, 149 (1946)) The only hydrolysis products 
formed are glycerol and glycerophosphonc acid Pangbom assumes, therefore, 
that cardiohpm represents a phosphatidic acid m which glycerophosphate is 
replaced by a complex glyceryl-glycerophosphate 
Glycerylphosphorylchohne E Kahane and J Levy (Compt rend 219, 431 
(1944)) found m rat mtestmes a lecithmase B which hydrolyses lecithm to fatty 
acids and to a watersoluble cholme compound which contamed glycerophos- 
phate The properties of the cmde fraction obtamed by ICahane and Levy are 
similar to those of the pure glycerylphosphorylchohne isolated from pancreas 
by Schmidt, Hershman and Thannhauser Kahane and Levy found that their 
fraction has no pharmacological effects 

Independently G Schmidt, L Hecht and S J Thannhauser (J Biol 
m prmt) found that lecithm disappears rapidly durmg the autolysis of minced 
rat mtestmes Simultaneously, free cholme and glycerylphosphorylchohne ap- 
pear m amounts correspondmg to those of the hydrolyzed lecithm 

E J Kmg and W Aloisi (Biochem J 39, 470 (1945)) isolated from beef 
pancreas a watersoluble cholme ester of glycerophosphate with the ratios cholme 

glycerophosphate = 21 T 

Determtnalion of phospholipids G Bhx (Biochem Zs 306, 129 (1 L 
Biol Chem 139, 471 (1941)) determmed colamme m hydrolysates of phospdo- 
lipids by vacuum distillation under 10 mm Hg pressure at 75-80 and fo oivi g 

acidimetnc titration , 

Delerminalion of cerehrosides Bruckner has recently applied the orcin 
to the separate determmation of glucose and galactose m mixtures of bo su 
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He desonbed on Uus boaiB a procedure for the eeparnte determmation of galao 
lose and glucose contamuig cerebroadea (Ztschr physiol Chem 276, 73 
1912)) 
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ERRATUM 

Gerhard Schmidt 

florae 26, page 276 lapins and Xapidc^es, by S J Thannhauser and 
The sentence begmmng on hne 22 (page 301) should read as follows 
They are oil a part of the syndrom© under discussion The organs tvhich 
itia-y be involved smg^j or in various combmationfl m the syndrome (essential 
^thomatosis of the normocholeeterenuo tjT^e, eosmophihc granuloma, hpid 
Sraauloma) are the skin (disscmmata type of xanthoma), the skeleton, dura, 
lungs, pleura, lymph nodes, and spleen (60) 
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CHEMOTAXIS IN LEUKOCYTES 

MORTON McCUTCHEON 

Lt^btmUrry of PaOtology, Unicertity of Penntyhama Medical School Philadelphia 

Chemotaxia ib a reaction by which the direction of locomotion of 
cells or orgnniHms la determined by mibstancea m their environment the 
direction Ib toward the stimulating substance, ohemotona is said to be positive, if 
away frOm the stimulatmg substance, the reaction is negative If the direction of 
movement is not definitely tow'ard or away from the substance in question, 
cheiDOtaxis is indi^erent or absent 

A OrgcmtSTTis showing chemoioxu Chemotaxis occurs m a wide vanoty of 
both plants and animals (82) For example, the sperm of ferns is attracted by 
malic acid, a substance present In the egg cell, as was described By Pfeffer Gl) 
in 1884, in the first paper on chemotaxis, ♦Also by chemotaxis, pollen tubes may 
be attracted to the ovary (66, 48), and the direction of root growth detennmed 
Myxomycetea Xslime molds) react positively to certain carbohydrates (food) 
and negatively to adequate concentrations of acids and alkahes (17) Protozoa 
m general show negative chemotaxis, being repelled by injunous concentrations 
of vanouB substances (41) In metazoa, directional responses to substances In 
the environment are often mediated by special sense organs, namely, by the sense 
of smell, which, for example, directs the male moth toward the female, and crabs 
toward decayed meat Mammals too may show sirmlar reactions »Henco 
chemotaxis serves tn reproduction, feeding, and avoiding harmful substances. 
Ibesumably this directional response to chemical stlmuh depends on diverse 
mechamams in vanous plants and gntmalw In a field so complex, it seems 
desirable to limit the present review to the chemotaotio behavior of leukocytes. 

B Methods The first recorded observations on chemotaxis of leukocytes 
8oem to be those of Leber (46), who, in 1888, reported results of experiments on 
rabbit’s cornea, Followmg imtation, leukocytes were seen to mdve from all 
directions mto the avascular cornea, followmg straight hnes tow'ard the imtated 
area. 

Capillary tube method In addition, Leber introduced short lengths of capillary 
tubes into the anterior chamber of the rabbitcyc The tubes contained substances 
to be tested for chemotaotio effect, such as bacteria, which appeared to attract 
J°*uy leukocytes. The capillary tube method enjoyed considerable popularity 
for some years. A great vanety of substances, liquid or solid, were placed m the 
tubes, which were inserted into the pentoncal cavity (67), anterior chamber of 
^ eye, or subcutaneously (6), or into exudato removed from the body (70) 
Subsequently the tubes were ^vlthd^a\vn, the contents expressed, and the numbers 
of leukocytes attracted by different substances were compared By this method 
^ obtained much information of doubtful validity , for, as demonstrated by 
f k? (^2) and Ruchlfidew (70), the method is subject to grave orroni Into the 

'dies leukocytes enter not only by amoeboid motion, but by floating as well, as 
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the result of convection currents These are set up by differences between the 
hquid in the tubes and that in the tissues outside, differences for example, in 
osmotic pressure Under these conditions, erjiihrocytes as well as leukocytes 
may be found m the tubes, and smce erythrocytes obviously have been earned in 
passively, the same may be true of leukocytes, therefore their presence is not 
vahd evidence of chemotactic attraction 
Mtcro-tnjeciion method The uncertamities and errors of the capillary tube 
techmc made a more reliable method desirable, one that should prevent the 
leukoc5t;es from floating and permit one to make a record of their movements 
The experiments of Clark and Clark (10, 11) met these requirements They 
mjected the material to be tested mto the transparent tail of the anesthetized 
tadpole Witli the microscope, leukocytes were seen to emi^te from the blood 
vessels and then to advance by amoeboid motion toward attracting substances, 
such as starch grams or a droplet of croton oil Camera lucida drawmgs gave 
conclusive evidence that leukocyies were attracted by several of these test 
objects For the tn tnvo method, any transparent tissue, such as mesentery or 
tissue m the rabbit ear chamber is smtable Nevertheless the method has been 

httle employ^edforthe study of chemotaxis, perhapsbecause of techmeal difficulties 
-/While speakmg of in mvo experiments, it should be emphasized that it does not 
suffice to mject a test matenal mto hvmg tissues, later to sacrifice the animal and 
to examme the tissues by histological methods Any even shghtly untating 
substance thus mjected excites emigration of leukocytes, as does, mde ed, the 
mjection itself, unless earned out with the utmost precaution, as was done by 
Clark and Clark Thus emigration of leu k ocytes is not vrH ^ 

chpirmtactip. resp o nse (s ee below, under Eelation of Chemotaxis to Emigration) 
Rather one must observe with the microscope the direction taken by the emi 
grated cells, and make sure that they move m more or less straight Imes toward the 
test substance, before one is justified m concludmg that the reaction is positive 
chemotaxis 

Slide-ccvzrshp method Even before the experiments of Clark and Clark, a 
simple methpd tn intro was devised by C-omandon (21) that met the requirements 
of direct obsen ation of leukocytes and recordmg their paths He allowed a drop 
of blood to spread between shde and coverslip, and observed wnth the microscope 
and recorded m motion pictures the direction of leukocytes relative to the test 
object Thus he observed the approach of avian leukocytes to erythrocytes 
infected with malarial organisms Also he w'as able to contrast the positive 
response to ft^rph grams wnth the lack of chemotaxis to carbon particle (22) 

The shde-covershp method is suitable for testmg the chemotactic effect o 
Bohd particles, such as bactena . caihQn, etc , and of tissue fra gments 
may be tested if they' are adsorbable on particles such as carbon, titamum dioxi e 
or kaohn The method has the great advantage that mdividual leukocytes i^y 
be observ'ed with the microscope, and their paths of migration relative to 
test object may be recorded wi^ the aid of a camera lucida or sumlar device, ^ 
they move toward or aw ay from the test object One may ascertain whether ^ 
cell IS advancing by’ amoeboid motion rather than bemg earned by convec 
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cuiTsnta — (Boating la nnposable when the suspending medium is blood, or 
plasma not too much diluted) 

Scnuquantitative studies of chcmotaxiswere made bj McCutcheon, Wartman 
and Dbcon (66, 23), with the simple slide-covershp technic Either uhole blood 
was used, or a suspension of leukocytes in plasma, permittmg 10 to 20 cells to bo 
observed in one microscopic field Suspensions of leukocjdes ivere obtained with 
the method of deHaan (37), by mjeotmg physiological salt solution mto the 
peritoneal cavity of rabbits and rcmoi-ed the rcsultmg exudate several hours 
later The leukocytes, nearlj all granulocytes, w ere then resuspended ra plasma, 
a drop of which was used m makmg the preparation (62) 



Fig 1 Method for oompuUiig the value of cbemotaxiB 


From a graphio record (fig 1) obtained wth a drawing ocular or camera lucida, 
the value of chemotaxia may be obtamed for each Icukocjde by findmg the ratio 
of net approach to total path trai elled in the game time Thus the louXocyto in 
tluesUon was 119 microufl from its target at the first ohsor\ation and 0 micron at 
the laat, hence the net approach vos +119 microns The total path for this 
thnewaa 131 microns The ratio is +U9/I31 — +0 9,whlchisthechemotactic 
ratio The limiting values for this ratio arc +1 0, if the leukocidc should move 
“^ractly toward the object, and —1 0 if it moves directly awaj (23) 

If the simplifying assumption is made that 2 lots of lcukoc 3 de 8 are moving at 
the game a\’erage speed, their chemotactio responses may bo compared merely 
by comparing thou* average net approaches For example, the leukoojdo repre- 
sented In figure] approached its object at 119/11 — 10 8 microns per minute (16) 
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The tissue culture method A useful method was worked out by Meier (60), 
who adapted the plasma hanging drop, as used m tissue culture, to the study of 
of chemotaxis Blood is centrifuged and the huffy coat, i e , the leukocytes, are 
removed m a layer and mtroduced mto a hangmg drop of plasma, which then 
coagulates Lymphocylies may be obtained from explants of l 3 Tnph nodes, 
macrophages from explants of omentum or other organs The test object, such 
as a clump of bacteria, is placed at a known distance from the leukocytes, the 
reactions of which are then observed with the microscope K the test substance 
IS m hquid form, it is drawn mto a capillary tube, one end of which is ssaled, while 
the open end is placed m proximity to the leukocytes Leukoc 5 des then migrate 
from aU sides of the explant, but if attracted by the test object, the migration 
zone is wider on the side of the test object than on the opposite side The re- 
verse IS of course true if leukocy'tes are repelled 

The resultmg distnbution of leukocytes may be photographed after one or 
more hours By measurmg the migration zones with a planimeter. Coman (18) 
was able to compare the reactions of different kmds of leukocytes to different 
test objects 

Other methods have generally been less dependable An in miro method was 
developed by Jochims (42), who allowed test substances to diffuse through a 
collodion membrane mto a chamber contammg leukocytes m hqmd suspension 
With this apparatus, he reported highly sensitive reactions of leukocytes to 
differences m H ion concentration This would be of great interest if one could 
be sure that the leukocjdes were not floatmg, mstead of progressing by amoeboid 
motion That is always a danger m hqmd medium, unless the cell is under con 
stant imcroscopic observation 

^ C The behavior of leuhocyles showing chemotaxis may be studied m the slide- 
covershp preparation desenbed above, usmg either whole blood or exudative 
leukocytes For estabhshmg a basis for comparison, the behavior of leukocytes 
will be desenbed when no chemotactic substance is present When the pre- 
paration IS observed with the high power of the microscope the polymorphonu 
clear leukocytes are seen to spread on the glass and to display amoeboid motion 
Locomotion begms almost at once In the absence of a chemotactic substance, 
the leukocytes pursue paths that change direction flom /me mmute to another, 
that is, they move at random The rate of locomotion vanes with the tem- 
perature (51) and with unknown factors affectmg* mdividual cells, under good 
conditions, human polymorphonuclear leukocytes at 37°C were found to move at 


an average rate of about 34 microns per mmute (60) 

To demonstrate chemotaxis m such a preparation, a mmute clump of bacteria, 
such as staphylococcus, is placed on the glass slide and allowed to dry Then a 
drop of blood is superimposed and made to spread between shde and cove P 
I When the polymorphonuclear leukocytes m the same microscopic field as t e 
' bactena are observed, practically aU are seen to move toward the bacteria, not m 
' a straight Ime but m a path that deviates a httle to one side or the other, o 
I becommg more nearly straight as the leukocyte approaches the 
I Reaching the bactena, the cells almost or quite cease movmg as they 
i phagocytizmg 
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The chemoiaciK fieid. tie width If microscopic fields are examined at morcas- 
ing distances from the bacteria, the percentage of leukocides movmg toward the 
bactena becomes less. Thus, of leukocytes distant 0 4 mm or less from the 
bacteria, 89 per cent moved toward the bactena in a given mmute, while of 
leukocytes 0.6 to 0.8 mm distant, onlj 70 per cent did so Further away a field 
was reached m nhich only approximately 60 per cent of cells moved toward the 
bactena, that la, motion was hero at random In the set up desoribod, the width 
of the rone of attracbon was about 1 mm (64) Compared with this distance 
Comandon (22) found a sone of attracbon about a starch gram of at least 

08 mm 

The chcmotactic field tie time relatione There are tw o other pomts of interest 
about chemotauB under the condibons described First chemota.xis is nsunllj of 
maximal mteBBity as soon ns the leukocytes begm to move, withm a mmute or 
two, that IS, almost aH the cells close to the bactena move toward them in nearly 
straight hnes. Lattle diminution m chemotaxis may be noted for 2 hours or 
more. Second, the width of the sone of attraction does not mcrcase with tune 
but remains about the same (64) These hvo observabons are consistent with 
the supposition that an attracting substance is washed off the bactena when the 
preparabon is made, and is spread to on effective distance of about I mm , and 
that the substance is non-diffusible However, the chemotaebe effect of baotona 
or other parbdes cannot be dimmished by repeated washings m distilled water 
PreSLmably the merest traces of the attracting substance are enough to ehcit 
maxnrnl chomotaeflo response 

The rate of locomotum le not affected by chemataxie, thus, leukocytes move no 
more rapidly when responding to chemotacbo stunuli than when moving at 
random (26) For example, m one senes of experiments, leukocytes movmg 
toward Staphylococcue albue travelled at the rate of 28 ± 7 0 microns per minute, 
whereas leukocytes too for away from the bacteria to show any chemotacbo 
response moved at least as fast, 32 ± 7 4 imetons per min ute. Thus chemotaxis 
docs not affect the rate of amoeboid mofaon, rather is chemotaxis a directional 
tt SDOnWi EUDBnmnoBpd on nmneboid motion 

D The Innd of lettkocyle ehowtng chemotaxu is chiefly the poljTnorphonuclear 
leukocide (granulooi’te), and this cell has been observed to give the response in 
roninmala, birds (21) and amphibia (14) In man, the neutrophile is the tj^pe of 
granulocyte studied most, though eosmophiles also show chemotaxis 

Ingraham and 'Wartmim (89) studied chemotaxia m coetnophilee of a man who 
had leukemia, and also obseived eosmophiles from bullae of a patient with 
dennabtis herpetiformis. Blood eosmophOcs from the leukemic patient, ob- 
served by the shde-covershp method, moved toward Staph, aureue at the rate of 
flu microns per mmute, thm rate bemg not significantly different from that of 
neutrophiles of a normal man (78 microns per mmute) Eosmophiles from 
“rfllae of the patient with dermatitis horepetiformis showed somoivhat loss 
*®Ponte, probablj because these leukocj tes bad degenerated As cosinophilia 
« often excited bj animal parasitca, these authors obsen-ed the reaction tn vtlro 
M these cells to Tnehinella tpindte The organism was dried and ground, and 
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used as a test object with the shde-coverslip technic This matenal attracted 
eosmophiles from the leukemic patient no more strongly than it attracted 
neutrophiles from a normal person The values were respectively 5 8 and 70 
microns per mmute, and the difference was not significant Roseggor (76), too 
observed chemotactic responses m eosmophiles 

Lymphocyies do not show chemotaxis to anj^ substance yet tested (14) The 
difference between l 3 'mphoc 3 des and polymorphonuclear leukocytes m this re- 
spect was evident where these two types of cells were observed in the same field 
of the microscope (23) In shde-covershp preparations polymorphonuclears 
were attmcted by vanous bactena, but lymphocytes moved at random, toward 
or away from bactena, often cliangmg direction Thus toward Staph albiis, the 
chemotactic ratio of polyunorphonuclears w’as +0 65, of lyunphocytes, 0 00 
In the presence of tubercle bacdh values were respectively -1-0 68 and —0 10 
(the latter not significantly different from 0 00), nor w'ere hunphocA'tes attracted 
by caseous matenal from tuberculous lungs (24) 

Similar results W'cre obtamed by Coman (18) m tissue culture by planting 
staphylococci, tubercle bacilh or clumps of aliunmum silicate m plasma, a mifii- 
meter or two from a fragment of rat lymph node lis lymphocytes migrated into 
the plasma, their direction of locomotion was not affected by the bactena or 
sihcate, they formed a naigratioii zone ns broad on the side facmg these test ob- 
jects as on the opposite side Under these same conditions, polymorphonuclears 
were attracted by the bactena and repelled by' alummum silicate 
‘^'^n the tissues, lymphocytes migrate fiom blood vessels much as do jmly- 
morphonuclears (12), and cells generally regarded as lymphocytes accumulate 
about tubercles, malignant tumors, transplants, and m chromcally mflamed 
tissues Such accumulations of lymphocytes suggest that they may have been 
attracted chemotacticaUy Though this may be true, other explanations am 
possible lymphocytes may have wandered mto position through random move- 
ments, but, once there, may be prevented from leavmg, they may' have mulb 
phed locally, or cells resembhng lymphocytes may actually be degenerated poly 
morphonuclears (14) 

Chemotaxis in monocytes Smee these cells are the most efficient of all mam 
mahan cells as phagocytes, it might be confidently expected that they' w'ould show 
positive chemotaxis Observations m fixed and sectioned tissues support this 
expectation For example, Avhen tubercle bacilh are mjected m animals, mon 
ocytes accumulate about them as if attracted chemotactically Simdfldy m 
pneumococcic pneumonia of man and experimental ammals, monocytes regular y 
move mto the pulmonary alveoh m great numbers shortly before recovery,^ 
there apparently play a decisive part m tenmnatmg the infection (Robertson, ) 
Further, direct observation of hvmg amphibian tissues has given evidence 
monocytes react chemotactically (14) , 

It IB astonishmg, therefore, that in vitro, m ammalia n monocytes appear to o 
only weak chemotaxis or none at all When bits of rat omentum were exp 
mto plasma, and clumps of bactena were placed nearby, monocytes 
promptly from aU sides of the explant, but faded to show chemotaxis, as 
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migration sdnc waa of equal thickneas on all sides (Coman, 18) Under the same 
condition*, polymorphonuclearB showed an asymmetrical migration sone, which 
was broader on the side toward the bacteria, giving evidence of poat^^e 
chemotaxia When the test object Avas alominum sihcate, the migration *one 
of monocytes waa narrower on the ode facing the test object than on the opposite 
side, giving evidence of negative chemotaxi®, but the effect was only slight, 
while statistically valid, there wtis actually only slight repulsion, m contrast to 
strong negative ohemotaxis shown by granulocytes under the same conditions 

Recent expenmenta by Jacoby (40) suggest that monocytes maym fact show 
potitive chcmotaxis tn in/ro, but that the attractmg influence extends only a 
short distance When monocytes wore planted m serum and adhered to the glass 
bottom of a Carrel flask, a cell here and there showed death changes. Photo- 
graphs of the culture showed that neighboring monocj’tes, to a distance of about 
25 microns, converged from all sides on Uio degenerated cell, this response endmg 
in phagocytosis of the dead cell 

The question as regards chemotaxis in monocytes is not completelj ansivered 
From present evidence it seems Ukelj that chemotaxis plays a smaller part In 
the activity of these cells than it does In polymorphonuclear leukocytes 

B Silbtianc^a (hat exaU chemotaxis Ain U n ^iiwimnDi rt>n/*finn 

BuhgtAJir^ In fhft cpvlmnmnnf it ]s now appropnato to inquiTO what substances 
or particles excite this reaction 

1 AftcrooTVonwms padena are the most important source of attraction, ns 
diemotaxis to bacterial products aids m combatting mfocUon Apparently 
bacteria in gene ral oxc ito positive chemotanB, though under conditions to be 
mentioned presently, the reaction may bo inhibited or masked When tested 
by the ehdocoverslip method, human and rabbit granulocytes were attracted 
by a vanetyji{_^ctenfl mcluding p> such as staphv lococd. atrep- 

tococQ, pnpumocoed, os well as b} such di\erse microorganisms as t^hcld. 
tuhadfi, cokaLand Welch bacilli (63) ^^jffijjllflawas noted m certain strains 
of beta hemd^c streptococci, which either failed to excite chemotaxis, or else 
POBEably repelled the leukocjdes (62) Hmt killed bacteria Rttmr.tjyl Ipnknr^’tefl 
ftflJTEll as did livmfT nnpq (33) In these experiments, leukocytes were observed 
while m close proximity to Imcteria If, however, there was a greater distance, 
one or two millimeters, between leukocytes and bactena, leukocytes were not 
attracted by some bactena, such os M tuberculosis, but were attracted by 
®^®ch. coll, staphylococci, pneumococci and streptococci (00) Thus thfi dis- 

tanwiivpr .which omnirw nnJ.Vin pflrt.iwikr mioroor^nism. 

podians bpmff p;n>wtpr in fho nf rapiHly_grOTnn^ hnrfnnft thnn in the rinwlv 

Ete nrinr: ndHtf ntt Dead ba ctena a t a distance of I or 2 millimetcre 

from leukocytes cxdtcd no chemotactic response 

In rtpo, bactena in genoi^~pvc off chcmolactio substances, but the effect of 
is not mfrequentlj masked bv other and poisonous bactcnal products, 
which retard or stop locomotion of leukocytes, so that tho cells are unable to 
J^ch tho bactena Consequcntlv tho number of granulocidcs that collect about 
oaclcna m tho tissues vanes widelj Moreover some bactena, such as tho 
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pyogenic cocci, attract leukocytes for as long a tune as the bacteria grow— in 
staphylococcic osteomyehtis this may be for years — ^whereas more slowly growing 
orga nisms such as M tuberculosis attract granulocytes only at certain timos. 
Thus when tubercle bacilh were mjected mto the blood stream of wTumalq, 
granulocytes collected where the bacilh lodged, and this happened mthm 24 bra 
Afterwards these cells were replaced by monocytes But again after a week or 
twowhenthe tubercle becomes necrotic,a secondwave of granulocytes surrounded 
the bacteria (Lime, 49, Woodruff, 87) 

Toxic baclenal produds and ‘‘negalwe chemoUtxis ” Reference has been made 
to the cnpplmg effects on leukocytes of substances produced bymanybactena 
'Tn typhoid fevo’ granulocytes are generally absent from the lesions, this is 
probably the loiult of poisomng of the bone marrow, so that maturation of 
granulocytes is prevented and the number of these cells m the blood is reduced. 
In Closindium Welchii (gas bacillus) infections, leukocytes are paralyzed by a 
soluble to\m produced m the lesion, consequently leukocytes are unable to ap- 
proach the bactena (29) ^Similar effects may be produced by virulent strains of 
staphylococci (Stevenson and Reed, 81) streptococci and other microorganisms. 

The fact that virulent bactena may mhibit reactions of leukocytes has im- 
portant consequences Such infections, unchecked by phagocytic cells, tend to 
spread rapidly and to destroy hfe Indeed virulence may signify chiefly that 
certain strains of bactena produce substances that inhibit the activity of leuko- 
cytes Inhibition of leukocytic movement may, however, be overcome by the 
presence of antibodies (70), or may be prevented by previous immunization of 
the animal (57) In these ways, toxic bactenal products are neutralized. 

Similar effects of toxm-producmg bactena have been noted in vtlro An eariy 
mvestigator of chemotaios, hlassart (57), mserted capiUary^ tubes mtrapentone- 
allv, if these tubes contained virulent microorganisms, few leukocytes collected m 
them, m contrast to great numbers of cells m tubes contamiDg non-virulent bac 
teria Recently, the effect of different strains of staphylococcus was tested on 
the migration of cells from explants of mouse spleen In the presence of virulent 
strains, the migration zone was narrower than when less vmilent strains were 
tested (81) Moigan and Upham (67) found that typhoid bacilli retarded 
imgration of cells from an explant of gumea-pig spleen, as compared with the 
effect of Slaph aJbus, while a protem-free antigen of E iyphosa vras toxic enough 


to inhibit migration 

' Such mterference with the motihty of leukocytes, preventing them from ap- 
proaching and phagocytizing bactena, has usually been attnbuted to negative 
chemotaxis This is probably incorrect, and is due to misunderstanding of t e 
term “negative chemotaxis ” As defined above, negative chemotaxis is ^ 
action of movmg away from a substance m the environment If 
diowed negative chemotaxis to certam bactena, one might expect to be a s ® 
demonstrate this reaction in mlro, but thus far flQ_ dnfinit . R - ncgat i yc 
. to - bactena -has been so demonstr ated It seems more hkely yg 

poisons injure leukocytes, impainng their power of locomotion Ex 
^ numbers of bactena m a culture of leukocytes may soon cause migration to 
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(Kmg, Green and Henschel, 43) Baotorud substances that kill leukocytes have i 
been called leukoddins. 

How do baettna produce Oietr chemotaclic <^ec(s? "^There arc two possibilities 
first, bacteria may produce substances in the course of metabolism that attract 
leukocytes, second, bacteria may mjure tissues, which then give off attracting 
substances In troo it is difficult or impossible to separate these two processes, 
and probably both occur at the same time In vttro, however, tissue damage 
may be entirely avoided, so that under these conditions, chemotaxis is a re- 
sponse to bacteria directij’^20) Even so, under these experimental conditions 
there is another possibUity, that bactena may attract leukocytes by means of 
substances, such ns polypeptides, absorbed from the culture medium That 
this Is not necessarily true was shown by Meier (Gl), who used no artificial 
culture medium but grew bacteria m plasma, then freed the plasma of bacteria 
by filtration, and showed that the plasma had acquired the property of attraotmg 
leukocytes. 

As to the nature of this metabohe product, it is probably a protein nr a heat 
Ctahle (Grand and Chambers, 36) piptmo drovotnm Tbat hactonnl proteins 
arc cbemntnrtifi boff long heen tnown (7) Tho motpc nlsr mra of ttip attracting 
aibatsnm, na indlmfivt Jiy itn filtnmbllity, i« of tbn mmr ordor nn protoina (Ql), 

tdn. EronUtaphYloiwci, Menkin f64i nb tninpd an nttmoting milwti'nmJii"aiq> 
tha.tlrODertlEa.Qf.pnlYIIcptide8. which nm protein AovntivpB 

Several fractions of the tubercle bacillus were studied by Wartmnn and 
Ingraham (S3, 84) for their chemotactio properties Tubercle protein, when 
tested in its undissolved form, failed to attract leukocytes, but when dissolved 
and adsorbed on charcoal, exated positive chemotaxis, the mdei being -1-0 09 
Tubercle phosphatide was toxic to leukocytes but when adsorbed on titamum 
dioxide elicited weakly positive chemotaxis (index -t-O 43) A polysacchande 
from tubercle baolh was found to mduco negative chemotaxis m leukocytes of 
both man and rabbit In each case the mdex was —034 

Somewhat similar results were obtained with fractions of hemolytic strep- 
tococci (27) Little or no attraction was produced by a carbohydrate fraction 
adsorbed on kaolm (mdex -1-0 18) nor by a protem free, non antigenic hemo- 
lysin (index —0 08) An antigemo protem-carbohydmte complex elicited positive 
tfemotaxia (index -f-O 64), but this result was not confirm^ by later (unpub- 
l“licd) eiperunents, so the effect of this fraction remains m doubt 

Tirusts There Is no direct evidence ns to whether or not viruses attract 
leukocytes, but it is inferred that they do not, as granulocytes are usually few or 
entirely absent in tissues infected by viruses, provided there is no associated in 
fection by bacteria The mtmcellular location of viruses during multiphcation 
®ay account m part for their failure to attract granulocytes 

Brotocoo. The organism of avian malaria was observed by Comandon (21) 
to excite strong positive chemotaxis. Leukocytes moved directlj toward 
PWasitised red cells and pushed them along until thoy burst. The leukocyte 
uiight then move toward the nucleus of the red cell, but more often it followed the 
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parasite and ingested it along with grains of hematin The leukocytes were said 
to move as fast as 1 to 2 microns per second, and seemed to travel more rapidly as 
they neared the parasitized cell, though no measurements were given to support 
this statement 

Yeasts Torula histolytica causes httle inflammation and attracts few leu 
koc 3 des m tissues In miro, leukoc 3 rtes were attracted at least for a short time 
(53) 

II Chemotaxis evcited by products of injured tissue It is welLknown that 
exudation of Ieukoc 3 des mto tissues may be caused by a vaoety of mjunes, eym 
m the absence of infection Thus large numbers of leukocytes^ay be found m 
sterile blebs resultmg from bums (Moon 66), as well as m irradiated tissues (9)", 
and may be attracted by mjectmg vanous mtensely imtatmg substances such as 
turpentme These effects are generally beheved to be due to chemotaxis, an 
explanation supported by experiments in vitro Thus leukocytes were M 
cumulated m capillary tubes contaimng products of tissue injury j[58)j_they w^ 
attracted by dned leukoc 3 des (55) and by a thermolablle^substance released by 
mjured muscle fibers (35) Silverman (80) mvestigated attractmg substan^ln 
mjured human skm, and found that pulped skm excited strong positive chemo 
taxis (mdex +0 83) The attractmg substance was soluble m water After 
extraction with water, pulped skm no longer attracted leukoc 3 des (index +0 06), 
but from the aqueous extract the attractmg substance might be recovered by 
adsorption on kaolm (mdex +0 81) This substance was thermostable and 
gave reactions for protem 

Histamine Among products of mjury, histamme was early thought of as a 
substance possibly attractmg leukocytes, because several of the processes found 
m inflammation may be produced by mjection of histamme 

Wolf (86) made chambers with agar impregnated ivith histamme, filled the 
chamber with 2 drops of blood, and subsequently counted the number of leu- 
kocytes adhermg to the agar She reported a strongly positive chemotacbc 
effect as compared with control chambers Others have failed to confirm this 
.^effect of histamme Bloom (6) found no attraction of leukoc 3 des m capillary 
tubes contammg histamme Grant and Wood (36) injected histamme mto 
vanous tissues, but failed to obtam a leukocytic response Moon (66) implanted 
pith, impregnated ivith histamme, mto the pentoneal cavity, but no more leu- 
kocytes were attracted than w'hen the pith contained only serum After w 
tractmg the chemotactic factor from skm pulp, Silverman (80) impregnated 
the pulp with histamme With the slide-covershp method, the chemotactic 
ratio w as + 0 25 Histamme adsorbed on kaolm juelded a ratio of — 0 13 Silver- 

man concluded that there was httle if any chemotactic response 

contrast to the predommatmgly negative results in iniro,bi^miDe may 
cause abundant emigration of leukocytes from blood vessels This resint ''Vfls 
observed by Abell (1), who mtroduced histamme mto the moat of the rab i ^ 
chamber It is possible however, that the emigration of leukocytes was no ^ 
chemotactic reaction, but rather a reaction to histamme-mduced changes 
vascular endothehum/ This possibihiy is discussed below 
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Laikctaxtne Menlan (02) produced sterne exudates m dogs and obtained by 
fractionation a thermostable, dialyzable substance having the properties of 
polypeptide. This substance, which he called leukotaxine, attracted leukocytes 
both in tissues and tn tntro A substance with wimiln.r physiological properties 
was obtained by tjyptic digestion of serum protems (63) This work was con 
finned by Ehithie and Chain (28), who obtained by digestion of fibrm a poly- 
peptide that emted positive chemotaxia 

IhuB injured tissues are an important source of ohemotaotio material, and the 
reaction is advantageous, eliminating damaged tissue through phogocytosia and 
digestion by Imikocytic ensymes 

in Cad>okydraiet Grains of starch attract leukocytes both in tissue and tn 
ptfro When starch grams were mjeoted into the transparent tail of the tadpole, 
leukocytes emigrated and moved toward the grams, which were then phago- 
cytiied and digested (11) Chambera and Grand (8) placed starch grams in 
capillary tubes and observed that leukocytes from the buffy coat of fowl’s blood 
and from the spleens of chick embryos and mice were attracted to and entered 
the tubes, duBtermg m masses about the starch grams until these were digested. 
Comandon (22) too, observed positive chemotaxiB to starch. Also other poly 
saccharides excited podtive chemotajds, notably glycogen (8) and agar (14, 8) 
Threads of raw cotton were found to attract leuluyytea to the cut end, but not to 
other parts of the thread, aa if attractmg substance escaped from the cut end 
Silk threads, on the contrary, were not chemotacUo (8) Chambers and Grand 
regarded attractioa by polysacchandes as due to products of serum amylase 
digestion, and m support of this explanation reported that polysaccharides were 
not chcmotactic In the absence of serum, and also that vnnous sugars attracted 
leukocytes. 'Weldon (78), usmg the method of Chambers and Grand confirmed 
attraction by starch and glycogen but not by sugars Chemotaxia to carbohy 
appears to be a feeding reaction just as is dime molds, which are attracted 
h^ vanouB carbohydrates'^lT) 

IV Sxibstaneea crcihnp chemctaxis m leukocytes Considerable con 

fusion exists in the literature aa to tho use of the term negative chcmotaxifl, aa 
niany workers mean by it absence of chemotaxis, whilo others mean a repclUng 
^ect, the opposite of podin e chemotaxis The term should be used only m the 
latter sense, to signify a reaction by which tho leukocyte mo\ es away from a 
substance, that is, moves from higher to lower concentrations. 

The poBBible negative chemotactic effect of certam bacteria was mentioned in a 
previous paragraph, '^here it woa stated that no clear cut example of negative 
chemotaxia to bacteria has jet been recorded, though Wartman and Ingraham 
(54) reported negative chemotaxis to tubercle carbohydrate'' 

"A preparation of alummum aihcato (marketed as Liojd’a reagent) induced 
uegativo chemotaxis m human and rabbit leukocytes (62) Blidc-coverslip 
preparations, practically all tho leukocytes in the field of the microscope wore 
to move away from tho particles m almost straight lines' Under these 
CTOditions, exudative rabbit cells moved away at the average rate of about 7 
uucroiiB per minute tho reaction being about aa strong ns, but in the opposite 
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direction to, positive chemotaxis. to bactena under sunilar conditions (20) 
The significance of this repelhng effect of sihcate (not shared by silica) is not im 
derstood It is astonishing that the only substance thus far shown to cause 
strong negative chemotaxis m leukoc 3 rtes is one which the cells would not be 
likely to encounter naturally Myxomycetes also are repelled by Lloyd’s rea 
gent (17) The subject of negative chemotajos m leukocytes needs further m 
vestigation 

V Chemoiacitc eff ecis of parltdes having low solubility in water The repelling 
effect of aluminuin sihcate has just been noted Collodion particles have the 
opposite effect, strongly attracting leukocyies (25) Both these substances have 
low solubihty in water, and their effects on leukocytes are not lessened by re- 
peated washing in distilled water It is remarlmble that particles having these 
properties should excite any reaction at a distance In the case of coUodion, 
these particles are known to adsorb proteins readily, and it may be they had 
become contammated with mmute amounts< 

Most other fairly msoluble particles — sihca (54), carbon (16), titamum dioxide 
(84), — exert no chemotactic effect under the best controlled conditions Hence 
chemotaxis to these particles is absent Manganese dioxide was reported by 
Fenn (30) to excite positive chemotaxis In shde-covershp preparations, he 
observed that leukocytes moved toward the MnOj particles, although they 
showed no reaction to quartz particles which they passed on the way Quartz 
and carbon particles were encountered only by chance Chambers and Grand 
(8), on the contrary, found no attraction to be exerted by MnOj 

VI Miscellaneov^ substances Chambers and Gnmd (8)_found-thatj)^ 
Biological solutions, hyper- and hypotomc solutions, and solutions of yanous 
salts did not excite chemotaxis Olive oil, oleic and steanc acids, sodium and 
potassium pahmtate were mdifferent substances As sev eral of the substances 
mentioned are strongly surface active, these mvestigators dissented from the 
view of Schade (77) and of Habler and Weber (38) that chemotaxis depends on 


the surface activity’’ of the excitmg substance 
Hydrogen and hydroxyl tons Jochims (42) rejiorted that solutions between 
pH 5,8 and 6,3 attracted leukocytes, betv een 4 4 and 4 9 were negatively 
tactic, and from 6 9 to 8 5 wei e mdifferent These results cannot be unreservedly 
accepted without confirmation, as Jochuns used hquid medium m which leuk^ 
cytes might have been transported passively by convection currents G 
(34), too, thought chemotaxis to be dependent on a hydrogen ion gradient, bu 
other workers have found no effect of hydrogen and hydroxyl ions on chemotaxis 
(80) In this connection it is mterestmg to note that myxomycetes (shme 
molds) exhibit negative chemotaxis to adequate concentrations of both hydrogen 


and hydroxyl ions (17) , 

In the older hterature, reviewed by Wells (85), are found reports on the c em^ 
tactic effects of a wide variety’’ of substances These will not be revuewe m 


present paper 

F Conditions interfering vnfh or lessening chemotaxis are unportant , 
standpomt of the defense agamst infection, smce, if cells cannot be attrac 
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thdr amval in an area of mf action wiH be delayed, and thus bactena have a bettor 
opportunity to become established As already stated, bacteria of higb virulence 
may inhibit the motion of leukocytes. While the effect of poisonmg of leu 
kocytes IS chiefly on their rate of locomotion, there is evidence from other types 
of expcnmont that such poisoned cells show also decreased chcmota-vis. Thus 
in the case of individuals who were acutely ill from a vanety of causes, their 
leukocytes m vitro showed both decreased rate of locomotion and less direc- 
tional response to bactena (B6) 

In acute experimental intoxicabon with alcohol (IQepaer and Nungestor, 44), 
the same functions of leukocytes were depressed the rate of locomotion was 
decreased and the cells, m the presence of pneumococci, showed no chemotactio 
response With the shde-coverslip method employing whole blood of rats, the 
chemotactio index m leukocytes from normal animals was -4-0.66 , m cells from 
animals comatose from alcohol, the value was -4-0 06 Thus chemotaxis was 
abolished When alcohol was added directly to human blood m mtro, the 
chemotactio mdex fell from a control value of -4-0 40, to -4-0.24 when the con 
centrabon of alcohol was 0 1 per cent, and to -1-0 10 with an alcohol concentrabon 
of 0 4 per cent Such effects of alcohol may be responsible in port for the de- 
creased resistance to infection ocourrmg in alcoholic mtoxicabon 

Cr RdaUonof chemolaxittoemxoToUonoflmkoq/ta Emigrabon of leukocytes 
from blood vessels is widely regarded as the result of chemota-xiB, m the sense that 
a concentrabon gradient of an attraebng substance exists between inflamed 
tissue outside the vessels and the leukocyte mride the vessel, and ns the result, 
the leukocyte moves through the vessel wall mto the outside tissue Against 
this explanabon is the fact that one of the best ways to causs leukocytes to 
emigrate is to inject a physiological salt solubon mto a serous cavity Although 
such a solubon when tested tn mtro has no chemotaebe effect, it causes vast 
numbers of leukocytes to collect m sorous cavities Thus emigrabon ap- 
parenby may occur without chemotaxis But, it should bo added, if the salt 
solution contains a chemotaebe substance even greater numbers of leukocytes 
emigrate (10) another example of emigrabon duo to factors other than 
chemotaxis, lymphocytes have been observed to emigrate from vessels (12), 
although they are apparently mcapablo of display-mg chomota.xis. A clearer 
understandmg of the factors m emigrabon is gained from the jexpenmente of 
Clark and Clark (13), who studied the reaobons of leucocytes m the transparent 
tan and fin of the tadpole, imd in the transparent chamber sot m the rabbit car 
If bight mechanical pressure was made on a blood vessel, leukocytes were seen 
to adhere to the endothehum for a short tune, and then usually were earned 
away by the blood stream Sbekmg appeared to result from reversiblB changes 
in the vascular endothehum Greater pressure, or injury to the surroundmg 
hsaucs, however produced, wras followed by adheaon of manv colls to tho vessel 
ivall, and by morphological changes in tho hnmg cells that wore mterpreted as 
softening Some of tho leukocytes adherent to tho endothelium then passed 
ihteugh the vessel wall by amoeboid mobon Thus emigrabon was always 
Pteceded by diangcs m the endothdnim, mterpreted as mcreased sbckiness and 
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as softening, so that emigration appeared to result not from chemotaxis but from 
endothelial changes / Accordmg to Baron and Chambers (3) the leukocytes, too, 
become sticky 

Vanous other mechanisms have been proposed to explain emigration of leu 
koc 3 dfis (45), all dependmg on differences m physical or chemical factors between 
the blood inside vessels and the tissues outside vessels These factors have been 
thought to be the pressure exerted by the blood on the vessel wall, higher concen- 
tration of hydrogen ions (31) outside the vessels than inside, or greater vis- 
cosity of tissues as compared with blood (32) All these hypotheses lack con 
firmation, as does the more recently expressed view of Abramson (2) that emi 
gration may be brought about by differences m electnc potential between the 
mjured area and the blood From evidence already presented it seems likely 
that emigration is conditioned first by changes m endothehum with consequent 
stimulation of leukocytes to display amoeboid movement and to pass through the 
vessel wall, second, emigration is probably mcreased by chemotaxis 

H The mechanism of chemotaxis The generally accepted explanation of the 
phenomena of chemotaxis in leukocytes is the surface tension theory, as de- 
veloped by Wells (85) He regarded the leukocyte as a drop of viscous hquid, 
which tends to take a sphencal shape If one side of the cell should be exposed 
to some substance that lowers tension at the surface of the leukocyte, the cy- 
toplasm would flow out m that direction and the cell move Thus the cell is 
regarded as a passive drop of hquid, under the control of surface forces, a con- 
ception that arose as the result of experiments with artificial cells (73) A 
number of cell models have been contnved which imitate certam aspects of 
amoeboid motion Thus if a drop of mercury is surrounded by a dilute solution 
of mtnc acid, and a crystal of potassium dichromate is placed near the drop of 
mercury, chemical changes occur especially' on that part of the surface of the 
mercury nearest the crystal, and the drop of mercury suddenly and rapidly 
moves to the crystal and flows around it Thus positive chemotaxis is simulated 
(4) If the mercury is placed m a solution of potassium dichromate, and nearby 
is placed a drop of concentrated mtnc acid, the mercury is impelled to move m 
the opposite direction, that is, away from the mtnc acid, and thus negative 


chemotaxis is simulated (19) 

This conception of the leukocj'te as a drop of hqmd behaving passively is 
not m accord with present day conceptions of the structure and mode of motion 
of the cell, for amoeboid motion is now explained by most workers as the r^ 
of reversible sol-gel transformations of the cytoplasm The forward end o 
the cell is regard^ as chiefly m the sol state, and this sol becomes transform 
to gel at the surface as the cell moves The rear end of the cell is mostly in o 
gel state, the gel is transformed to sol, which is pushed forward by contracting 
jelled cytoplasm, either because the gel is imder tension (59) or because it con 
tracts much as does muscle (47) Thus the motion of the cell is not passive u 
active, mvolving transformation of chemical energy mto kmetic 

Chemotaxis is a di rectional respon s e siinRnmpos ed-on^niOfibmd-inot^^^-^^^ 
outlined In fact, rantinn. t akes place just a S-WfilLsathflUt-Cb^^° 
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U with it, fhfl mta nf Inmmntlnn nnt. being mcrm«>d hv thp clirijnntnrtin..m 
jp(m»<25) Vfhat c hemotexia does la appartmtlv tn Het emunn wVicm m flii> i-»1l 
ihflll occur sol iitinn .DTifljroliem cel(itii;n Ttnw tliiR is Hrmn iq iinltTmim Ev- 
Idtntly the cell IB able to detect diffe renrea in i-finiiintrflt inn nt the RriMting mb 
n tunreetthemiB end of the cell and at the other Polymorphonuolear leukocytes 
at least, are able to detect this difference when they he in a concentration gradient 
of a chemotactlc subatance, whercaa lymphocytes, at least according to present 
Information, lack a mechnniBm for responding to difference in concentration of 
substances in their environment 

If the simple surface tension theory of chemotaxia were correct, there should 
be closer correspondenee between chemotaxis and phagocytosis than wo find. 
Thus there is evidence that phagocytosis la promoted by, or, mdeed, may bo 
dependent on certam surface active substances, namely, antibodies (68) These 
ate thougjit to coat bacteria and to lower the tension at the leukocyte-bactenal 
Interface, so that the leukocyte is able to spread upon and to engulf the baotenum 
Here is an example of the effect of surface active substance upon phagocytosis. 
If chemotaxis also were under the influence of surface active substances, then 
tntibodies should increase chemotaxia, but available evidence is opposed to this 
supposition When leukocytes were observed by the slide^iovershp tcchmo, 
and thdr direction was followed in the presence of streptococci, specific antibodies 
were found not to mcreaeo chemotaxia to the bacteria, whether the leukocytes 
were attracted strongly or weakly, whether the antibody was adsorbed to the 
bacteria or was contained m the plasma medium (20) 

It IS concluded that the weight of evidence is against the surface tension ei 
planation of chemotaxiB, as it was elaborated bv Wells On the other hand, no 
complete and satisfactory alternative theory has ns yet been proposed. 

1 The relation of cliemotana to phagocyUms The idea seems to be held by 
many pathologislB that phagocytosis is always preceded by chemotaxis, that is, 
before a bnetenum can be engulfed, it must attract the phagocyte from a distance. 
This is certainly not correct Mtmj particles, especially of inorganic material 
such ns carbon and silica do not attract leukocytes though they are frequently 
phagocytlied by them as the result of chance encounters (30) This may 
readily be obsened in sUde-covershp preparations, where polymorphonuclear 
leukocytes may acddentalli moke contact with such particles and may then 
uigest them Monocytes, the most voracious phagocytes, are, at least in 
™aiiiinals, not definitely Imown to bo attracted to the ^ctena and colls that 
they engulf (18) Thus it is clear that nhnqnevtnsiH i« rmt. nprpsmnlv.nrpced ed 
ty-^h fmntsTls Conversely, chemotaxia la nnt nlwava foll owed bV-D b a gootO SHi 
“ was seen when polymorphonuclear; leukocytes were attracted by dead cells, 
droplets of cream and of egg yolk, yet did not engulf these objects (14) A still 
more unpresaiic example of chemotaxis not followed by phagocytosis is the 
ue , rcpellmg, effect of sflicates, described above (62) 

The mechanisms of phagocytosis and of chemotaxiB apjicar to be quite diffcrroit. 
^^gocytosiB depends on the abihty of the leukocy te to spread on the object to 
be phagocytlied, and spreading is greatly mded by spccifio antibodies known as 
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tropins (68) Tropins, as noted above, appear to play no part in chemotm 
•which IS apparently a non-specific reaction excited often by antigens, but not 
so far as IS known, by antibodies (20) ' Chemotaxis is not essentially a spreadmf 
reaction, like phagocytosis, but a reaction that depends on complicate sol-ge! 
transformations m different parts of the cell bod}’’ 

J Cf what advantage is chemotaxis of leuhocytes to the organism and undenvhal 
circumstances does this reaction occur? It has generally been accepted thal 
leukocytosis, i e , mcreased numbers of leukocytes m the blood, depends or 
chemotactic attraction of leukocytes from the bone maiTow mto the blood stream 
For this supposition there seems to be no evidence It has likewise been belt 
by.mcst pathologists that emigration of leukocytes from blood vessels mto tissue 
IS the result of chemotaxis This has already been discussed, and the situaboi 
has been summarized by saymg that both chemotaxis and changes m vasoulai 
endothelium probably play a part '^Chemotaxis is chiefly important as the re 
action by means of which leukocytes are attracted to infecting microorgamsmi 
from a distance It is especially the polymorphonuclear leukocytes that are si 
attracted These cells constitute the first Ime of cell defense They are me 
bihzed qmckly and m great numbers By chemotaxis they are directed m men 
or less straight hues toward bactena, and thus much less time is required to bnnj 
these leukocytes mto actual physical contact -with the microorganisms Thu 
contact 18 followed, if the bacterial surface is suitable, by phagocytosis and m 
tracellular digestion By means of these successive activities of the leukocyte; 
infection may be overcome Chemotaxis, phagocytosis and intracellular di 
gestion are thus consecutive acti’vuties of the leukocyte dependmg on different 
mechanisms 
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THE PHYBIOLOQY OF NERVOUS SYSTEMS OF INVERTEBRATE 
ANIMALS 

C LABD PH08SEB 

Ofpartmenl of Zoology and Phyttology Vnivertity of lUtnovt Urbona 

11)6 baao metabolio functions of an animal can proceed without any highly 
spedahied conducting tissue The speciahiation of conducting tissue, particu 
lady of nervous tissue, gives an animal a certam freedom from the environment 
which has survival value, this freedom permits a combination of large sue and 
hi^ motihty Many Protosoa and larvae are small and have little rapid 
conduction from one part to another, yet are motile Many sessile animals, on 
the other hand, have slightly developed conducting mechanlams, they may bo 
huge but they are not motile All of those animals which are both large and 
motile have rapidly conducting nervous tissue 
In the evolution of nervous tissues four trends are apparent (1) mcrcasmg 
speed of conduction, (2) mtegmtion, or makmg one impulse count for more or 
less than one, (3) cephalic dominance, and (4) chemical mediation of nerve 
impulses The present review aims to discuss the attammenta of mvertabrato 
animals in each of these directions of nervous evolution and to point out useful 
preparations for physiology rather than to chronicle the hterature on mvertebrate 
nervous systems The most recent review of this subject was by Ten Cate in 
mi ( 301 ) 

Pke-nebvoob coNnucTiON Among the animals which do not have nervous 
systems some co-ordinating meobanisms have been described Probably all 
livmg cells have the abiUty to conduct waves of excitation, and conduction m 
many plant cells, eggs and body cells of higher animals has been described as a 
Wave of depolarisation passmg along the plasma membrane. Conduction from 
sdl to cell, as in ciliated epithehum, is well known Conduction by way of many 
Intracellular fibrils has bem churned for a few Protosoa 
Taylor recently reviewed the protosoan fibrillar systems (292) Many 
oihates have a regular network of fibrils connecting the basal granules of the 
tiUa The form of this network varies, but in general the basal granules are 
connected m longitudmal rows with some cross-connections (116 and others) 
This peripheral network Is connected to the central neuromotor system which 
may have a center or motorium and has mtcmal fibrils which extend to mem 
*>mnclle8, cytopharynx, and cim where these are present Tbo entire fibnllsr 
*yrtem has been variously claimed to be supportmg, contractile and conducting 
E^UXinmcntal evidence of a conducting function came from Taylor (291), who 
with mlcroncedles cut fibrils between the motorium and the cirri in Euplotes 
(and cut the peripheral fibrils as ivcll), co-ordination botiveen tho dni and 
membranelles in tho oral region disappeared. Disruption of co-ordmation 
of membranelles occurred after destruction of tho motonufn m Chlamydodon 
(IM), end disorganliation of cilmry movement after fibrillar injury m Ichthyn- 
Phtbicus (190) HmitJier, in Paramecium lesions near the peristome did not 
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destroy ciliary co-ordination (204), even though a motonum is said to be located 
there (187) 

Conduction in higher animals is a function of cell membrane and even m 
neurones the fibnls per se probably have nothmg to do with conduction Taylor 
(292) suggests that the fibrillar system m ciliates actually may have several 
different functions Cihates are highly specialized acellular organisms Hence, 
the cihate fibrillar system is not a precursor of nervous structures 

In sponges there are no nerve cells, but spmdle-shaped muscle cells brmg 
about closure of oscula These muscle cells Parker (229) has called mdependent 
effectors because they combme sensory and motor functions There is a slow 
conduction (about 1 cm /min ) from cell to cell m a sponge as shown by the 
response of the osculum to a pnck a short distance away (223) In some co- 
elenterate tentacles there may be a few two-celled arcs (sense cell — -muscle cell) 
(229), but begi nnin g with the coelenterates co-ordmation between sense organs 
and effectors is essentially nervous 

Nervous conduction Aclion Potential Wave Impulses m nerve fibers 
of invertebrate animals consist, as m vertebrates, of several electrical compo- 
nents The non-meduUated fibers of the squid (6) and crab (136) have been used 
for the demonstration of non-propagated, graded, local potentials From the 
local potential emerges the propagated spike, which is followed by after- 
potentials In crab nerve a negative ‘'retention” may contmue for fifteen 
mmutes after a stimulus (182, 110) Zhukow (337) described an after-positivity 
which might persist for a similar time Veratrme caused the after-negativity 
m crab fibers to contmue for a half-hour (79, 27), and the after-negativity was 
lengthened by repetitive stimulation (46) These mvertebrate nerves provide 
excellent preparations for analj^sis of the cellular basis for after-potentials 

Speed of Conduction Five different adaptations of nerves have provided 
mcreased speed of reaction among animals length of nerve processes, fiber 
diameter, myehn sheath, nodes, and giant fibers 

{!) Length of nerve-processes The first nervous adaptation by which animals 
mcrease their speed of reaction is the lengthening of conductmg processes 
If a message has to pass through numerous synapses, -with a delay at each, 
it tmvels more slowly than if it can go by way of a smgle fiber In many co- 
elenterates, for example, the nervous sj’stem consists of a network of multipolar 
and bipolar neurones whose processes have been traced for several millimeters 
(50) Conduction m this network is slow, less than 0 5 m /sec (table 1) In 
some coelenterates through tracts of contmuous fibers exist for rapid conduction 
(221) In general, fast-movmg animals have some nerve tracts consistmg of 
long smgle fibers Giant fiber conduction is more rapid than conduction through 
the neuropile m ganghon nhume of annelids and arthropods (table 1) 

(2) Fiber diameter In mixed nerves of frogs and mammals speed of conduc- 
tion 18 proportional to a function of the fiber diameter The fiber-diameter/ 
velocity correspondence has not been mvestigated for the entire spectrum of 
any mvertebrate nerves However there is no doubt that faster ammals have 
some large motor nerve fibers, and m slower animals most nerve fibers are small 
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In Eome irmniinnliiui fibers the velocity in meters per second numerically 
equals the diameter times a constant (0 or 7) (113, 149), m frog fibers the velocity 
varies as the square of the diameter (94), and m giant fibers of the squid velocity 
increases as the diameter raised to the 0 01 power (251) 

TABLE 1 


Vtloctty of condudton in ^onellonic cords and narpa nala 


Atruui. 

ft£mr)«cK 

TnmtATcit 

Ttincmr 

OaDglloolc oorda 



•c 


bunlids 




Earthworm 

(181) 


0 6 

Leeth 

(181) 


0 4 

Earthworm (Helodrflua) 

(18) 


0 02 -0 03 

•Cer^bratulua v 

(165) 


0 050-0 09 

•Aremcola 

(165) 


1 2 

‘Aphrodite 

(165) 


0 US 

Jjnriapoda 




Bcolopendra ant port 

(62) 


2 6 

B(K)loj>endra post —* ant 

(62) 


2 6 

Julua ant — poat 

(62) 


0 2 

E manlanum. ant poat 

(02) 


0 23 

Irustaess 




Cambaraa 

(213) 

20-21 

1 2 

Nerve nets of ooclontoratoi** 

lietrlriinm 

mmm 


0 121-0 146 

iltlllacti* (net) 

(221) 


0 W -0 16 

-alliactia (through tracta) 

(221) 


1 2 

’hysalia filatnenlB 

(231) 

20 

0 121 

^usiopea 

(120) 

18 

0 136-0 231 

^aadopea 

(190) 


0 16 -1 2 

daati^aa 


2fi B 

0 57 

hjnilla (muacular wave) 


21 

0 078 

^cnlUa Ouminoeoent wave) 

(230) 

21 

0 074 


* Tlieto nro a (ew of the numeroui values given by Jenkins and Carlson (165) Some of 
be species studied are now known to have giant fibers and some of the higher velooities 
■bey recorded may have been in giant fibers 

** Most conduction velocities in coeientorates are measured os speeds of contmetfle 
raves rather than as conduction in nerve not only 


Table 2 gives the velocities m moist air and where possible the total fiber 
iismeters fa a variety of nerve fibers The general relationship between diameter 
“id velocity holds The motor fibers of tho legs of Crustacea for example aro 
20-30 n m diameter and conduct at 1,5-12 m /sec while molluscan fibers about 
1 a m diameter conduct at less than 1 m /see. Tho most striking adaptation of 
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TABLE 2 

Velocity of conduction in representative nerve fibers as related to fiber diameter and sheath 

thickness 




SZTZU- 
1 CNCX 

non 

AXIS CVXJKDEX 

Tticpn* 

ATUU 


AmUAL 

1 KUVE 

DUicrrcft 

(inCBA) 

OtAinETXS/ 
TIBCX DlAUrnCS 

viLocm 


Warm blooded vertebrates 


Dog 

saphenous 

(113) 

17 


38 

83 3 

Dog 

saphenous 

(205) 

18 

0 82 



Dog 

saphenous 

(113) 

14 I 


38 

71 5 

Dog 

n llngiiallw 

(118) 

13 6 


38 

60 1 

Cat 

saphenous 

(114) 

13 

0 71 

38 

SO 

Cat 

saphenous 

(110) 

12-15 


87 5 

65-82 

Cat 

saphenous 

(114) 

0 

0 60 

38 

80 

Dog 

ohorda tympanl 

(IIS) 

S 2 


38 

36 I 

Dog 

saphenous 

(114) 

5 

0 8 

38 

20 

Cat 

saphenous 

(205) 

2 

0 3 



Rabbit 

depressor 

(217) 

1-2 


38 

5 

Cat 

apmpathotio 

(42) 

thin 

non myelinated 

33 

2-1 


Cold blooded vertebrates 


Frog 

dorafll root 

(113) 

Frog 

dorsal root 

(113) 

Frog 

dorsal root 

(113) 

Frog 

dorsal root 

(113) 

Frog 

floiatlo 

(274) 

Frog 

sdatio 

(274) 

Frog 

B fibers 

(42) 

Frog 

dorsal root (C fibers) 

(113) 

Trrrtla 

aympathetio & vagus 

(42) 


18 5 


21 5 

42 

14 



25 

11 



17 

5 8 



4 2 

6-16 

0 7 



2-3 

0 6 



stnall 

thinly myell 


4 5-3 


nsted 



2 5 

non myelinated 


0 54 4 


non myelinated 


0 8-0 3 


Arthropods 

Mala 


Caroinos 
Giant crab 
CalUneotee 
Munida 
Homarua 
Homarua 
Cam bams 
Leander 
l/cander 
limnlus 
Cockroaob 
CooVroacb 
Molluscs 
Holhc 
Anollmas 
Umax 

Pleurobranchiaa 

Mytllne 

Sepia 

Bepla 

Bepla 

Loligo 

LoUjo 


Invertebrates 


leg nerve 

(186) 

10-20, 4-8, 


23-25 



1-3 



leg nerve 

(137) 

30 

very thin sheath 

21 

leg nerve 

(165) 




leg nerve 

(205) 




leg nerve 

(142) 

50 

very thin sheath 

17 

leg nerve 

(205) 




leg nerve 

(83) 




leg nerve 

(88) 





(142) 

<10 

0 63 



(142) 

10-20 

0 62 


leg nerve 

(205) 




cereal nerve 

(260) 




central fibers 

(256) 

10-20 
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fiber diameter to velocity of conductaon ifl in the giant fibers of cnistaceane, 
cephalopoda and annelida. These may have diameters of tena of miora or Beveml 
hundred micra and conduct manj tunes faster than the smaller fibers of these 
au lm a l g. Insects in general ha\e very small nene fibers but conduction dis- 
fauces are short, hence fast conduction is less important than a large number 
of fibers m a small volume Richards, for example, stales (256) that mosquito 
l&r\'a6 fibers are leas than 1-2 although cockroaches have some 10 fi fibers 
Excitation tunes also vary inverselj with fiber diameters, i e , fast fibers have 
chort chronaxies 

(3) ^^erre fiber ehedK In addition to fiber diameter the existence of a Upold 
®henth around the axon is directly corrdated with velocity of conduction 
Among vertebrates the larger fast motor and sensory fibers have myelin sheaths 
which blacken vrith osmic acid and can be readily measured, while the slow small 
l^pathetic fibers are said to be non mjehnated When examined m polansed 
?ht the larger fibers are seen to bo negatively birefnngeut vath respect to their 
axis, this is due to the lipid sheath and the fibers ore called myelotropic. 
The birefringence in frog fibers is neariy constant among fibers 9 or more in 
*hsmctcr but diminishes in Bmaller fibers until it is sero at 2 /i and below that it 
ogn ( 274 ) The birefringence of the "'non mcdullated" fibers on the 
^Irary w normally positive with respect to length, la due to proteins, and can 
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TABLE 2 


Velocity of conduction in representative nerve fibers as related to fiber diameter and sheath 

thickness 
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type coDBute of a Byncytium in which processes from a number of nerve colls 
fttse to form a smgle giant axon UmceUular giant fibers are found m nemerteans 
and ccslode woims, m numerous polychaetes, m balanoglossids and in lower 
vertabiatea In the polychaete Halla for example (8) are groups of unipolar 
pant cella 30-160 g m diameter in each of the first few segments, these give rise 
(o fibers up to 40 g thick which may run the length of the worm Sunilar 
nnkdhilar giant fibers have been described m other worms Bullock (57) and 
Htas (135) have descnbed the giant fiber system m a number of balanoglossids 
l^pfcsUy there are about a doien to 160 giant cells, usually m the collar nerve 
cord, these give nso to large (3-0 g) fibers which run back m the nerve cord and 
eventually dwmdle m sue to merge with the ordinary fibers (< 1 g) The only 
functional studies on the umccUular type of gumt fiber are on the Mauthner 
end Muller cefis which occur m the tegmental nuclei (part of the vestibular reflex 
system) of fikbes and amphibians These fibers, 22-43 g m diameter, conduct 
Bt60-60m /sec. at 10-16°C (table 2) (117) 

The multioellular or syncytial type of giant fiber system has been described m 
snnellda, Crustacea and cephalopod molluscs 
In the ventral nerve cord of the earthworm there are m each segment several 
edla which send axones to the three dorsal giant fibers, one large median and 
two mialter lateral ones These giant fibers run the full length of the ventral 
nerve cord and give off segmental branches to motor neurones m the cord The 
median giant fiber is connected to two pairs of gmnt cells and each lateral giant 
to one pair of gmnt cells per segment (289) The lateral giant fibers are also 
wnneclcd with each other In addition to the three dorsal giant fibers there 
w two smaller ventral ones (288, 280) At each segment there is m the gumt 
nhw an obUque partition the two sides of which stain differently (289, 68) 
This was thought by Stougb to be a macroaynapse 
Evidence from cutting the giant fibers, from regeneration, from blocking by 
dnigs, and from cmbryomc development mdicates that m the earthworm the 
pant fibers are responsible for quick end to-cnd '‘startle” contractions (48, 239, 
803, 289) Btough (289) cut single giant fibers and concluded that the median 
conducts postoro-anteriorty whde the two lateral ones conduct nntoro- 
Ptetcnorly Action potentials (89), however, showed that conduction is equally 
^d m either direction m each fiber Bullock (68) settled the disagreement by 
teowmg that the median fiber is normally exat^ by sensory stimulation m tho 
Mtcrior forty segments while the lateral fibers are excited by senss organs behind 
mat level The two lateral fibers and the median fiber form two separate 
tecduction and excitability sj'stems, cross connections between the lateral fibers 
vtere shown by conduction which continued when right and left fibers were 
Wlematcly cut (209) The usefulness of tho gumt fiber system particularly in 
Pmtectrvo defense reactions is mdicated by tho fact that conduction m the smaller 
hers of tho cord fincluding synapses) is shout 0 025 m /sec, (48) while m the 
Istcral giant fibers it is 7-12 m /sea and m tho median one it is 17-25 m /sec. do 
pending on fiber siio (89) Multicellular giant fibers occur also in Nereis and in 
many other polychaete annelids 
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Among Crustacea giant fiber sj'stems have been descnbed m the crayfish, the 
lobster, and m the p^a^vns Palaemonetes and Leander In the crayfish (167) 
there are three kinds of giant fiber median, lateral and motor The paired 
median giant fibers start m the bram (at least m the crayfish) decussate there 
and pass to the ventral nerve cord The lateral fibers occur in thoracic and 
abdommal gangha and consist of segmental units which appear to overlap in long 
side-by-side contacts, thej’ presumably are made up of processes from ganghon 
cells m each segment Branches are given off from the laterals and medians 
to motor giant fibers m each segment The motor fibers have their cell bodies 
m one segment, decussate, and pass out m the posterior nerve of the segment 

(157) Stimulation of the giant fiber system ehcits quick flippmg of the abdomen 

(158) and causes extension and mward movement of aptennae (319) Johnson 
(157) thmks that the median ones conduct backii ard, the lateral ones forward 
We have found (Prosser and Altschid, tmpubhshcd) that the median and lateral 
giant fibers of the cravfish conduct equall 3 ' well m both directions Wiersma 
(319) found summation between the two median giants to be maximum at an 
mterval betw’een stimuli of 1 7 msec and between the lateral giants at less than 
4 5 msec , he noted some summation of the response of the median by stunulating 
the lateral giants and concluded that the four fibers govern the same nerve- 
muscle system 

In the prawn Leander, Holmes (141) descnbed two types of synapse, obbque 
regions of apposition between the lateral fibers m each segment and typical 
boutons at the pomts of contact of processes from both median and lateral with 
the motor fibers The median giant fibers showed mcomplete septa Transec- 
tion of the cord at vanous pomts failed to produce degeneration of the median or 
lateral giant fibers In Leander the motor giant fibers are non-myelinated from 
the cell body to their synapse and are mjnlinated from that pomt out to the 
muscles. The hpid sheath of the larger giants is mterrupted occasionally (142) 
and IS separated from the axon by a thm nucleated layer and does not have such 
a layer outside it as do the fibers m vertebrates The ratio of axis cylinder to 
total fiber diameter is 0 53 for fibers smaller than 10 pi, 0 69 for 10-20 n fibers 
and 0 77 for 20-50 n fibers (142) 

The cephalopod molluscs have a giant fiber system which is mtermediate 
between the umceUular type and the segmentally fused type of giant fiber system 
The cephalopod sj'stem has been studied by Young (335, 336) In the decapods 
(sqmds) a pair of giant cells he at the postenor end of the pedal ganghon portion 
of the bram, them processes fuse and cross, then synapse m the visceral part of 
the bram mass with giant cells whose processes run out m mantle nerves These 
synapse with a third set of giant fibers m the stellate or mantle ganghon From 
the stellate ganghon some dozen nerves pass out to the muscles of the mantle, 
each nen'e contams one giant fiber which may be as much as 800 p m diameter 
plus many one-micron fibers Each giant axon arises by the fusion of proces^ 
from 300-1500 ceUs m the stellar ganglia and the preganghomc axon ends by 
synaptic boutons near the region of fusion Each gmnt axon serves the cu^r 
muscles of a large area of the mantle and the largest fibers pass to the postenor 
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part of the mantle so that impulees amve nearij simultaneously m the entue 
mantle (336) Velocities of conduction in fibers 30-718 u in diameter range from 
2.7to223m /see at20° As shown m table 2 there is a very thm sheath Stunu 
lation of a giant fiber ohcits a maximal contraction at threshold (336), and there 
is no increase m tcnmon with moreasmg frequency of stimulation (248), hence the 
ons syncytial fiber with a large area of circular muscle is a motor umt The 
contractile response forces water out of the mantle canty thus sending the anunal 
backward, this escape reaction is, accordmg to Young, twice ns fast by nrtue 
of the giant fiber system as it would bo without it 

Young (336) has described an mteresUng senes among cephalopoda In the 
decapod Bepia the cells contributmg to the large giant fibers arc scattered through 
the stellate ganghon In Loligo these cells are confined to one posterior lobe, 
while m the octopods Eledone and Octopus the lobe is present and contains cdla 
which may resemble neurones but which lack true processes This lobe, the 
epistellar body, receives the secondary giant fibers from the visceral ganglion, 
that it may bo a neurosecretory organ was indicated by an atonin of the mantle 
after removal of the epistellar bcxly 

Giant fibers have be® very useful preparations for studying the membrane 
mechanisms of nerve conduction, and CurtiB and Cole (80) have successfully 
recorded impulses with a fine electrode mserted down the center of a squid giant 
SMn This method gives more nearly the total membrane potential than does 
the usual surface re®rdmg 

Giant fibeia, th®, are usually adaptations of large fiber diameter for rapid 
oscape reactions. Some are connected to one cell, ®me are synoytiah The 
syncytial annelid and crustacean fibers show either Begm®tal septa or ]®g 
areas of appodtion which appear to ®nduct equally well m either direction 
Such junctions certainly do not behave physiologically in the same way as most 
synapses in hi^er animals The marked differences m structure and function 
indicate that giant fibers have be® evolved indepmdmtly m several groups 

Ccw)RDiNATiON AmMg the co-ordinative functions which are associated 
with the vertebrate c®tral nervous systeta are polarity of transmission, spatial 
®d temporal summation, after-discharge and mbibiUon These, except for 
polarity, permit a ringlo impulse to count for more or less than one. Among 
invertebrates much co-ordination occurs at neuromuscular junctions as well as 
in emtml nervous systems, and it is useful to wnsider both sites as parts of a 
tomm® system, 

Venw ntlt Co-ordinative functionB evolved very early, they ore found among 
nerve nets where there is no Mndrased c®tral nervous system Nerve nets or 
diffuse nervous systems have be® studied functionally m cool®terates, both 
polyps md medusae ®d m ot®ophores The elom®ts of the nervous system 
of medusae were id®tified by Haeckel and the Hertwigs, and were deeonbed 
by a series of early histologiBta as a network of multipolar and bipolar neuron® 
^8 b®cath the epithelnim and conn®ted to a wndonsed marginal nng 
«the (37) and Hadn (121) cont®ded that the nerve fibers anastomose and that 
inn network Is a syncytium Parker (229) also accepted this now Tlec®t 
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evidence (50, 330) with vital stains shows that processes of the neurones often 
intertwine or run along paraUel with one another and may have a beaded appear- 
ance while m contact but that the fibers do not fuse These “synapses” are not 
structurally polarized hke vertebmte boutons but the nerve net is probably not a 
syncytium 

Coelenterate nerve net systems show some co-ordinative characteristics 

1 Pc lanty The first mdications m medusae i\ ere of diffuse, non-polanzed con- 
duction (91 , 266, 267) The margmal “serse organs” are the normal pacemakers 
for rh 3 dhmic contractions Conduction is diffuse and essentially equal m all 
directions If overlapping lateral and central mcisions are made, or if the jelly- 
fish IS cut mto a long zig-zag strip, or mto a central disc connected by a narrow 
neck to an outer nng, impulses pass around comers and m both directions so long 
as nervous tissue is present That this diffuse conduction is nervous is shown by 
conduction through areas where muscles are absent, but nerve.fibers present 
(200), m regeneratmg areas wheie conductmg but not contractmg tissue is 
present and m preparations treated with curare (266) or magnesium (267, 200, 
66) A doughnut-shaped nng can be cut out of a ]ell 3 ^h and a wave started 
m both directions from a stimulus at a pomt (199, 126) , if one wave is blocked m 
some way, e g , bj’- pressure on one side, a circusmg self-perpetuatmg wave can 
be set up which keeps gomg around for many hours (up to several days), the 
same umts are bemg re-excited repeatedly 

Parker (227) made similar observations of diffuse conduction on sea anemones 
He made cuts of various shapes m the body wall and found that conduction went 
through vanous types of connection from the bodj' wall to the muscles Similar 
conduction occurred from zooid to zooid m the colonial ReniUa (230) 

It is concluded from the effects of cuts m the nerve net and from the histo- 
logical picture that there is no polarity m conduction from neurone to neurone 
Fmal evidence can come only when conduction across a smgle junction can be 
exammed . 

The picture of a non-polanzed aiffuse conductmg sj'stem is, however, too 
simple for all the facts Parker (227) showed that the oral disc of Metndium 
responds differentl}'^ accordmg to whether the tentacles are stimulated by acid 
or by mussel jmce, mdicatmg either specific functional tracts or differences m 
sensory response Pantm (222) showed that when a tentacle is removed from 
an anemone (Calhactis) or pieces cut from a tentacle the end of the central stump 
contracts while the end of the free piece remains open Also it is easier to get 
impulses out to the tentacles than m from them, i e , less facihtation is needed 
Pantm (221) also found some through conduction, especially m the mesentenes 
where velocities of 1 2 m /sec existed m contrast to local conduction around or up 
the anemone at 0 04-0 16 m /sec Through tracts were more important m 
Calhactis than m Anemoma Also the velocity of local conduction vaned greatly 
m different regions This evidence from anemones mdicates defimte conduction 
pathways for different purposes and a sort of functional polanty Pantm mdi- 
cated that this polanty may arise by the development of differential rates of 

facihtation 
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2. Faeihlabon It was fomeriy believed (182) that nerve net conduction is 
decremcntal because a contraction wave dies out with moreasuig distance from 
the stimulus Pantin has accounted for the decremental like conduction in sea 
anemones m terms of facilitation (220) He found that an anemone rarely showed 
any muscular response to a amgle shock but gave an increasing contraction as 
more stimuh were debvered. At low frequency (intervals greater than 2 seo ) 
a response might be seen only after 10-16 stimuh at 20° Increasing the inton 
arty of successivo shocks had httle or no effect upon the contraction but moreasmg 
the frequency greatly mcreased the response to a maximum at 100-200 msec 
separation between stimuli. The second of two stunuh was effective to 6 per 
cent of the maximal response at 6° when separated from the first by 8 seconds, at 
15° at 4 0 seo and 24° at 0 9 sec intervals (122) Each unpulse excited some 
units subhminally, distant ones lees than near ones, and new umta were brought 
m as excitation built up The excitatory process persisted longer at low than 
at high temperatures Thus the response spread further and became stronger as 
more distant units wore brou^t up to threshold 

Bethe described facihtation m a tissue bridge in a medusa (39) and Bullock 
has studied facilitation m medusae m detail (66) Jellyfish differ from anemones 
in that smgle stimuh eliat a amali contraction BuUock found enhanced rc- 
aponsivenesB to last longer than 20 seconds m some medusae Famhtatcd 
twitches also showed enhanced relaxation 'Whether the facilitation observed 
■n the nerve net system is myo-neural or neuro-neural is not critically unportant 
in terms of the overall mtegrative properties of the system The nerve net sys- 
tem ahowed a long refractory penod — 0 7 sec absolute and 0 1 sec relative m 
the jellyfish, smooth fusion of response to repeated stimuli never occurred The 
long refractory period probably belongs to the muscle Ross and Pantm (268) 
found Mg to block the facihtation They also observed an mcrease by potas- 
sium Bullock (66) confirmed the Mg effect and ahowed that durmg the penod 
m which neuromuscular block gradually becomes complete there is a stage when 
oontractiona change from general to local responses, these bnmers can bo broken 
ky repeated stimulation, hence they are apparently due to depressed neuro- 
neural facilitation Certainly the mcreased response with mcreasmg frequency 
B not due to mcreased contraotihty (staircase) Bullock presented evidence that 
facilltatbn is important in detormming strength of contractions m normal 
rhythmic activity of jellyfish 

3 Afler-disdmse Pantm (222) observed that ns responses build up durmg 
ropoated stimuh supernumerary responses frequently occur These may repre- 
®ont a sort of after-discharge 

In " WementionedMnyePsblockingof awaveof contractionin a 

ieuyfish ring by pressure Two opposing waves of lummescence in sea fans cancel 
wt when they meet (206), and analogous phenomena have been reported b 
f^ophorcs (68) No evidence for jienods of depressed excitabUity, however, 
come from the use of paired or repetitive stimulation of anemones or medusae 

e canceilation of collidbg waves may bo duo to refractormess of conduetbg 
P* ways. In a jellyfish ring prepare tion Ebosita (170) showed that if the 
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mcreased, and excitability diminished Opinions are equally divided as to 
whether tonus is increased or decreased by extirpation of the ganghon Day 
(81) sht a siphon and observed that a contraction wave was conducted around 
the cut It seems certam that a direct connection exists from epidermal re- 
ceptors to underlying muscles m ascidians, but conduction and tonus properties 
of the muscle need elucidation 

Among higher chordates peripheral nerve networks are retamed only for co- 
ordmation of smooth muscle movement, particularly m the gut On the other 
side of the phylogenetic tree (worms — molluscs — arthropods) peripheral nets are 
less important m controlhng locomotion than on the echmoderm-chordate side 

Among flatworms dependence upon central neurons is stnkmg m view of their 
pnmitiveness m other respects In free-living flatworms the nerve trunks (2 to 
8 m number) nm postenorly from the bram and contam nerve cells which are 
not grouped mto ganglia As long as a portion of one of these nerve cords is left 
m a piece of a plananan, spontaneous movement and some co-ordinated responses 
persist (23) Eggers observed (90) this necessity of a bit of rema inin g cord also 
among Nemerteans The only example of mdependent function of the penpheral 
system is m the plananan proboscis where if the two connections to the central 
nerve trunks are severed the proboscis autoamputates and shows food-seekmg 
reactions (168) 

Annehds, bemg tubular and containmg a movable coelomic fluid, might well 
be expected to show penpheral co-ordmation In the earthworm a subepidermal 
plexus of branchmg fibers and scattered nerve cells lies outside the cucular mus- 
cles, each central ganghon gives nse to three pairs of segmental nerves contammg 
both sensory and motor fibers which connect with the subepidermal plexus Can 
this penpheral network conduct impulses along the body? Can a stnp of earth- 
worm body wall move spontaneously? Is there connection from epidermal 
sense cells through the penpheral network directly to muscles? 

It has long been known that if the ventral nerve cord is cut or is removed from 
the earthworm for several segments penstaltic waves still pass from one end of 
the worm to the other Penstaltic transmission occurs if the two pieces of a 
transected worm are connected by a thread or when a few segments are anes- 
thetized (101, 102) Coonfield (76) found that if part of the nerve cord was 
removed a wave of mucus secretion failed to pass from normal to denervated seg- 
ments If the nerve cord is removed from more than three segments and those 
segments are firmly pinned do^vn so that no pull can be exerted beyond them, no 
penstaltic wave passes but if less than three segments are denervated and these 
segments pmned down a wave is conducted (241) Action potentials m the 
segmental nerves show that each nerve serves three segments, the different nerves 
servmg overlappmg fields which are fauly discrete When one nerve is stimu- 
lated there is contraction m its own segment and to a less extent m adjacent 
segments (241) Janzen (151) made a T-shaped cut m the lateral body wall of 
an earthworm, he observed transmission of a contraction w'ave “around the 
comer” if the nerve cord was mtact, but not m a strip lackmg the nerve cord 

Spontaneous contractions have been seen m stops of earthworm body iraU 
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lacking the ventral nerve cord (109, 290, 125, 161, 127) and have bean denied 
(M, 48, 143) An earlier suggestion that apontaneouB activity exists m sus- 
pended denervated stnps but not m non-suspcnded stnps (239) seems not to 
hold. In segments from vrhich the nerve cord had been removed both muscle 
layers remained tonically contracted, this was ascnbed (143) to a penpheral 
plexus which normally was inhibited by the central nervous system 

Jansen (161) obtained spontaneous periodic contmcbons m strips which had 
been narcotised during disseobon but not m non narcotised stnps, the contrao 
tiona were usually local but could be propagated, the two musde layers could 
contract separately Hatai (127) reported spontaneous activity m dorsal stnps 
from the postenor end of Allobophora but not from the antenor portion and not 
atallfromPenchaeta We havo made similar observabons on Lumbnous The 
muscles of segments antenor to and mcluding the chteUum often remamed con 
tracted at the edges for hours after excision, this was probably a response of tho 
smooth muscle to mpiry and not evidence for penpheral ganglia as Von Holst 
(144) had suggested, these excised segments failed to show spontaneous move- 
ments, Post-chtellar stnps relaxed bub were not spontaneously active Dorsal 
strips consisting of about twenty segments just m front of the postenor bp, how 
ever, showed spontaneous contracbons m four out of seven preparations It 
appears then that postenor regions of the dorsal body wall are capable of spon 
taneoua movement but there is no reason to unplicate the subepidcrmal plexus 
Janien’a drug expenments are not oonvmcmg The body wall muscle may , like 
the smooth muscle of the mammalian intesbne, bo capable of some mtnnsic move- 
ment, Conduebon throu^ a sheet of smooth muscle is known and hkely occurs 
In the separate layers of earthworm muscle 

Janicn (161) found that tactile ebmulabon of dorsal body stnpe elicited con 
tmebons, usually local but sometimes propagated, spontaneously acbve stnps 
showed the best responses Wo have noted similar effects and obtamed contrac 
tions both when the tactile stimuli were apphed to the muscle side and to the skm 
side of tho stnp Tho responses resemble those of a gumea pig ileum to prodding 
The body wall muscle may bo responding to direct stimulation However, 
in a few of the preparabons from the posterior end a clear-cut response to bnght 
fllummabon was obtained after dork ndaptabon It is probable that In tho 
response to iBuminabon and to very hght touch there is some direct connoebon 
i>otwcen sense endings and muscle- However, tho weakness and tho local nature 
of the response and its virtual absence m antenor segments show that it can 
i'Srdly be of importrmce m behavior 

The precedmg evidence mdicates that the subepidermol plexus of the earth 
worm is not a true nerve net for general conduction, that while there may bo 
oormeebons through it from sense cells to muscle these cannot be of importance 
in behavior and that there is no evidence that tho network plays any part in 
inibatmg spontaneous movement of tho body wall The penpheral plexus is 
probahly a sensory relay area since there are many more epidermal rmd muscle 
ntnse cells than there are segmental nerve fibers (241) It is possible that among 
fflom primitive aimehds tho conneebon through the penpheral plexus from sense 
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organs to muscle was important but that m earthworms the central nerve cord 
has now taken over complete control Certainly among polychaetes (eg, 
Aremcola (164)) there is no evidence of any conduction of peristaltic waves except 
by w'ay of the nerve cord 

In gastropod molluscs a subepidermal plexus has been deacnbed, particularly 
m the foot (41, 37) Biedcrmann (41) foimd that small pieces of the foot of a 
slug could show peristaltic movement whereas pieces of the foot of Hehx did 
not show such movement Jordan (159, 161) removed the paired pedal ganglion 
from Aplysia and noted a marked mcrease m tonus of the “wmgs,” this was 
arbitrarily attnbuted to a release of the penpheral net fr6m inhibition by the 
pedal ganglion When ganghomc connections to the “wmgs” of Aplysia were 
cut (138) and one of the motor nerves was stimulated, there was an immediate 
contraction of the area sen'ed bj' that nerve followed by a peristaltic wave which 
spread out from this area This wave was said to be reflex m nature with the 
penpheral network conductmg the impulses Cobb (71) found that excised 
labial palps of Anodonta show autonomous responses to stimulation by hght, 
touch and chemicals These palps must contam direct connection through the 
penpheral nervous network from sense organs to muscle In general, molluscan 
subepidermal networks may relay messages from central ganglia but are in- 
capable of any mdependent locomotor control There is httle doubt that normal 
co-ordmated locomotion of the foot requires the presence of the pedal ganglia 
More knowledge of the conduction properties of the muscle is needed before 
functional importance can be assigned to the penpheral network 

The use of a penpheral nerve network m locomotion appears with shght success 
m the echmodenn-chordate Ime and with stdl less success m the annehd- 
arthropod-mollusc hne In the higher groups — ^vertebrates, polychaetes, ceph- 
alopod molluscs, and arthropods there is no evidence of a penpheral network for 
locomotor control Yet m most of these a nerve network is retained for regula- 
tion of movement m the digestive system Central nervous reflexes have become 
dommant patterns m animal behavior 

Ganghontc Function Locomotion is under reflex control m annelids, 
arthropods, and molluscs, but ganghomc reflexes have m no mvertebrates been 
subjected to such complete analysis as have spmal reflexes m mammals In- 
vertebrate gangha should provide excellent material for future analysis of ex- 
citatory and liubitoiy states Analyses of behavior m terms of ganghomc 
reflexes are, however, fairly complete 

1 Annelids A number of segments of the ventral nerve cord of an annelid, 
isolated from the body musculature, can conduct a peristaltic wave to the region 
beyond Normally, however, the wave is remforced by the segmental reflexes 

Colher (74, 75) suspended 2CM0 mtact segments of earthworms m a salina 
bath and found no peristalsis if the worms were carefully balanced If, ho wcv er, 
a shght stretch (0 1-1 0 gram on the recordmg lever) or a tactile stimulus was 

aophed peristalsis resulted Tension and touch ehcited peristalsis only if the 

preparation was normally innervated Moore (207) anesthetized the tactile 
receptors with MgCl, and then imtiated peristalsis by applymg tension 
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Aecoiding to Collier (73, 74) a tension induced penstaltio reflex could bo 
inhibited by strong taotde stimulation, e g , by touehmg the anterior end during 
a tension wave. Whether the blocking effect of an antipenstalfao wave is duo 
to central inhibition or to refraotonness somewhere m the reflex chain is not 
dear Mamtained tension set up rhythime contractions at a maximum fre- 
quency of one every two seconds, and the response might contmue for many 
minutes. The'frcqucnci mcreased to a maximum as the applied weight was 
mcreased If the wei^t was applied for only 0,6 second, a rhythnuc response 
occurred, a sort of after-discharge which might last ns long as 3 mmutes A 
ventral strip contaimng the nerve cord gave a smgle contraction, a dorsal strip 
no contraction, and a piece of mtact worm rhythmic contractions m response to 
stretch (Prosser and Altschul, unpublished) 

Gray, Issamann and Pumphroy (120) made a similar analysis of locomotion in 
the leech and found that not only tension and contact but also e.xteroceptive 
stimuU from the sucker were capable of eliciting peristaltic reflexes The leech 
nerve cord showed asynchronous spontaneous electneal activity when isolated, 
and a rhythm corresponding to the contractile rhythm when connected to an 
active piece of the body w all Peristalsis could bo started m an earthworm (1 19) 
by electneal polarisation with the ontenor end positive, and peristalsis could bo 
inhibited by revereo polarisation 

Peristaltic locomotion m the polychaete, Aremcola, is likewise controlled by 
tegmental reflexes, and stimuli at the antenor and postenor ends cause opposite 
porapodial movements (164) Motion pictures of Nereis m locomotion (118) 
thawed patterns of movement mvolvmg clumps of 4-8 paiapodla successively 
Accompanying the wave of parapodial bent the longitudmal muscles on the 
tame side contracted while those on the opposite mdo relaxed Thus the Nereis 
crawled m the direction in which the wave tra\ eled over the body and not, as 
in the earthworm, m the opposite direction 

The earthworm peristaltic reflex is segmental or bisegmental m character and 
involves reciprocal innervation of longitudmal and circular muscles Circular 
muscles contract while longitudmal muscles relax and the diameter of the animal 
is reduced Then longitudinals contract, shortening the worm Knowlton and 
Moore (176) found strychnine sulfate to stimulate the motor system for both 
sorts of muscle so that under strychmne the worm shortened and also constricted 
It appears, therefore, that normally one group of motoneurones is inhibited while 
the antagonists ore excited Janien (161) described correlative reflexes con 
trolling the setae The locomotor reflexes have both homolateral and crossed 

components 

In general, then, the rhy thraic contraction waves associated with peristaltic 
mcemotlon in annelids require cham reflexes Involving tactile or muscle or sucker 
mceptors and antagonisbo central arcs AVhat recovery mechanisms are so 
dow as to deternune the frequency of contraction under continuous stimulation 
is not dear but they may well be m the rausolo rather than m the central nervous 
system 

2, Arthnpodt Arthropod locomotion depends upon central conduction and 
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upon segmental reflexes which show more complex connections than m annehds 
In larvae of the beetle Imcanus cervus Sasse (271) found peristalsis to depend ab- 
solutely upon the mtegnty of the nerve cord "'i^en a segmental nerve was cut 
that segment was paralysed but conducted a wave to succeedmg segments if 
the cord was mtact Mon (211) observed loss of tonus m skeletal muscles of a 
sdkwonn if the 2nd and 3rd thoracic or first abdominal ganglia were removed. 
In several other lepidopteran larvae (noctuids) each segmental ganghon serves 
its own segment and the one ahead (145) 

The reflex control of insect walkmg and flight and breathmg is very precise 
In 1899 Pompihan (235) noted some automatism of thoracic ganglia for leg 
movements m Dytascus Fhght can be mitiated reflexly by removing the legs 
from support, i e , tarsal contact inhibits flight (98) Eijlant (259) recorded 
potentials from leg muscles of scorpions, crayfish, and some beetles He found 
tonic low potential discharges 30-40/see durmg rest and muscle potentials of 
higher amphtude and frequency durmg activity When he isolated one or two 
segments — ganghon and hmbs — ^reciprocal alternate contractions of flexors and 
extensors m successive segments occurred Pnngle (237) made similar observa- 
tions on the cockroach and noted crossed inhibition 

Von Buddenbrock (53) performed a variety of operations upon the nervous 
system of the walkmg stick, Dmppus, and concluded that each leg by its motion 
has a stunulatmg effect on neighbormg legs, excitation passed across a given 
ganglion and ehcited a response from whichever adjacent ganghon was more 
excitable Bethe (38) upset the normal sequence of leg movement by removmg 
legs from various spiders, crabs, beetles, etc Changes m co-ordination occurred 
at once Legs which previously alternated now worked together, pedipalps 
might function m locomotion, swimmmg was earned out by other legs than 
normally Holdmg a leg was not eqmvalent to removmg it The changes oc- 
curred too fast for learmng and must represent pre-existing pathways and an 
adaptive property of the ganglia 

Ten Cate (302) performed amputations upon the appendages of the cricket, 
Locusta vindissUna, and obtamed alterations m co-ordmation if he removed a 
foot only He concluded that the normal sequence and rhythm is set up reflexly, 
and IS not a pre-estabhshed central pattern Not only can a change m leg 
rhythm be brought about by amputation but similar changes occur with normal 
changes m gait The mantis leg order, for example, (262) when qmetly walkmg 
18 L 3, L 2, R 3, R 2, vhen excited and walkmg fast the rhythm is L 2 + R 2, 

L 3 R 3, when chmbmg L3-|-Rl, L2-1-R3, L1-1-R2 In some insects 
the order of leg movement depends much on the surface, i e , the order is deter- 
mmed by proprioceptive reflexes (146) 

Prosser (242) recorded action potentials from vanous segmental nerves and 
from the central nerv e cord of the crayfish By stunulatmg different appends^ 
and makmg appropriate cuts he obtamed a functional map of the nerve cord. 
The available connections are multiple, w'hich ones are used m a given behavior 
pattern must depend upon the strength of stimulus and upon the ease of passage 
through a particular reflex arc 
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Locomotor rhythms in insects and Crustacea, as in annehds, are reflex in nature 
and a variety of patterns of locomotion may be used dependmg upon external 
requhements 

3 ilollusa In gastropod and pelecypod molluscs locomotor reflexes are 
mediated by three pairs of ganglia, cerebral, pedal and visceral 

Pavlov m 1886 (233) expenmented with the mussel, Anodonta Spontaneous 
activity of the foot stopped when the insceral ganglion was removed but tonus 
could still bo maintained m the adductor muscles after they were denervated 
The posterior adductor muscle received motor (excitmg) impulses from the 
visceral ganghon, the anterior adductor from the cerebral ganghon, both ad 
duotors received inhibitory fibers from the cerebral ganglion In tho rasorshtll 
clam, Ensia (86) local stimulation of the foot failed to ehcit general responses if 
the eensory connections in the cerebral gangha were chminated. In Mytflus 
(331) all of the ganglia act somewhat mdependently, e g , if the cerebral ganghon 
is ranoved the foot still spins and creeps, due to pedal control, if the vraceral 
ganglion is removed opening and closing reactions to changes m freshness of 
water are lost. All of these observations argue for fairly restricted control of 
local areas by spcolfio ganglia m pelecypods 

In gastropoda the pedal ganghon gives off a senes of nerves w hich appear to 
dochaige successively to elicit peristalsis along the foot (41) Co-ordination m 
the large marme gastropod, Aplysia, has been extensively studied 'When the 
pedal ganglion was removed (169, 161) the foot showed more resistance to stretch 
(tonus) and contractions occurred, particularly at the foot margins Whenthe 
cerebral ganghon vras removed there was mcreased locomotor activity and in 
creased excitability of the “wmgs” (foot) It has been suggested, therefore, 
that the cerebral ganglion inhibits locomotor functions of the pedal ganglion and 
that the pedal ganglion inhibita tonic mechanisms m the foot (161) Ten Cate 
(287) stimulated the central ends of nerves from the "wings” and found that 
each contains sensory fibers which reflexly through the pedal ganghon dicit 
contractions m certain areas of the other side of the foot The cerebral ganglion 
was not ncctBsaiy for this response If the mterpednl commissure was out, only 
the homolateral responses persisted In Helix, foot potentmls mdicated that 
the cerebral ganghon inhibits motor cells of the pedal ganghon (132) 

Qanghonie reflexes control the muscles and chromatophores of the mantle 
end fin of cephalopods The mantle nerve goes from the brain mass to the 
ccantle or stellate ganghon nnd from this the stellar nerv es pass to the mantle 
Frthllch (107, 108) found that the mantle ganglia mamtamed tonus of the mus 
etc* and chromatophores of tho mantle Stimulation of the mantle nerve at low 
hitcDBity inhibited the stellate ganghon, nt higher mtensities excited it. Gan 
^onic delay of 10 msec occurred and summation was mdicated. Fatigue of a 
stellar nerve did not affect the mantle nerve. When the mantle nen o waa cut a 
reflex response could he elicited through the stellate ganglion alone On 
the contrary Boiler (61) maintamed that the stellate ganghon b a motor center 
which cannot medbte reflexes of the mantle but Ten Cato (299) confirmed Fr6h 
fleh and showed that reflex contraction could be elicited ov cr either of two path 
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■nays, the brain mass (tra\ersmg the stellate ganghon for both afferent and 
efferent fibers), or via the stellate ganghon alone Electrical studies on these 
widely separate ganglia should be possible 

Molluscs, in general, have well dcA eloped local reflex centers which may show 
some mteraction but which have relativel}'" lestncted control of particular sen- 
sory and motor areas In this respect molluscs are even more highly specialized 
than the segmental arthropods 

Spontaneous Ganglionic Admly Locomotion m annehds, arthropods and 
molluscs is reflex m nature Isolated portions of the central nervous system m 
annehds and arthropods show contmuous spontaneous electrical activity 
Among molluscs such actmti- has been seen only m the slug, Ariohmax (59) 
This activity’ does not in most cnses represent summated rhjdhimc dischaiges of 
many neurones as seems veiy largelj' to be the case m the i ertebrate bram but is 
asynchronous (240, 244) In most gangliomc chains each neurone is mdependent 
of adjacent ones although a gl^ en neurone ma}'^ discharge more or less rhythmi- 
cally, different neurones haAing different frequencies The spontaneous impulses 
find their way out to body muscles and are tome m character (152) , mcommg sen- 
sory messages are superimposed upon the spontaneous background 

Certam mvertebrate ganglia, however, do show synchronized rhythms 
Bullock (59) obtamed slow waves upon which spikes were superimposed from 
central ganglia of grasshopper and Limulus Breathmg rhj’thms appear to be 
mtnnsic m respiratory centers, at least m many insects Lesions to specific ab- 
dommal gangha have been shown to stop the breathing rhythm In Schisto- 
cercus, a locust, Fraenkel (99) found breathmg centers m abdommal segments 
5 and 8, whereas centers for closmg the stigmata were m the thorax In Limulus 
all or part of the cham of abdominal gangha, when entirely separated from the 
rest of the nervous sj'stem, can mamtam normal movements of the gills (150) 
Strong support of the neurogemc ongm of breathmg rhythms m arthropods came 
with the observation of waves of nerve impulses m isolated nerve cords at rates 
correspondmg to breathmg rates (Djiascus, 1, cockroach 244) These breathing 
centers are subject to much sensoiy regulation In certam msects durmg flight 
an mcrease m breathmg amphtude and openmg of stigmata and a decrease m 
breathmg rate were foimd (99) 

Another summated rhythm m an arthropod ganghon is the syitchronization 
observed by Adnan (2) m the optic lobes of the bram of Dytiscus When the 
eyes were fllummated a rhythm at 20-40 waves per second built up m a syn- 
chronization of most of the neurones m the lobe In darkness this “hght” 
rhythm stopped but after some hoius a “dark” rhythm at 7-10 waves/sec 
appeared 

Another type of summated rhythm is found m neurogemc hearts The pace- 
maker region of the heart of most crustaceans, insects and probably annelids is 
a ganghon or group of nerve cells (246) As with the asynchronous centrd 
eanghon it has been possible to analyse the heart rhythms m terms of smgle 
neurone activity In the Limulus heart ganghon each large pacemaker ceU 
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tppcaiB to gi\e rise to a bIob t\ave of negatltitj for each heart beat and then 
these and amall motor cells nearbj dtschaiigo a voUet of impulses (131, 247) 
Thcae unputeca start at a high frequeoej and taper off tonard the end of the 
volley 

Other invertebrate ganglia are capable of spontaneous rhydbins The so 
called sense organs at the margin of a medusa initiate the pulsations of the jolly 
E«h (266, 199, 49) Wells (317) described a complicated rhythmic actmty of 
the esophagus of Aicnicola, the ongm of the wave of ner\ ous activity apparently 
bemg m part of the stomatogastrlc nervous system 

Many mvertebrnto ganglm, then, show spontaneous activity, this may be 
asynchronous or synchroniied Smgle neurone analyses can be made more 
easily than with vertebrate nerve centers, and some of these ganglionic prcpa 
rations are useful for elucidatmg cellular mechanisms of spontaneous rhythms 

Cephalic Dominance The next step in oomploxity of nervous function beyond 
local or segmental reflexes is moreosing importance of particular centem near the 
anterior end of the animal This importance seems to depend firet upon the 
concentration of sense organs at the front end of the animal and second upon 
co-ordmative functions of the "brain" ganglia 

1 Flaiwormt The sensory bams for cephalic dominance is illustrated m the 
frce-hvmg flatn orms where the brain is associated with eyes and other sense 
organa A number of papers deal with the effecls of removal of the brain from 
flaiworms In the poiyclad Thysanotoon the bram is needed for spontaneous 
locomotion (183), and in the poiyclad Yungia immediately after removal of the 
brain or head the brainless worm or reraainmg posterior part is inactive and less 
scnsiUve than normally but can he sthnulated mechanically or chemically to 
perform swurunlng movements (208) In Yungia some hours after the operation 
spontaneous and co-ordinated but undirected movement occurs Olmsted (210) 
found in some marine polyolads that swimming stopped but ciliarj action persisted 
it the bram were rmnov^ or spht The nppling movement (ataxic locomotion) 
'continued, but extension, placing and release (ditaxio locomotion) and peristalsis 
stopped smcc these recpiired conduction from the brain back over lateral cords 
Righting appeared to require the brain m the poiyclad Planoccra (209), but not 
in the tnclad Planaria (183) The greater importance of the bram m polyclnds 
ihan m triclads may bo associated with the distribution of ganglion cells In 
Rlanaik locomotion and reflex extension of the pharynx and swallowing con 
tinue after remoi’al of tho head but normal behavior to food reappeara only after 
fhe brain regenerates (23) 

In ccstodcs after the lateral cords are cut a wave of contraction progresses 
**'^hwnrd across the cut, bemg conducted reflexly by tension applied behmd tho 
snt (254) Pnednch (103) found that cutting one lateral cord resulted in circus 
^ovementa in those sjxicice of nemerteans m which transveree connections 
wtween lateral cords were Incomplete, but not uhcre the cords •nero connected 
In summaiy, the flatworm brain ndays sensorv messages and co-ordinates motor 
|®P®naeB, there bemg no other ganglia, its directive function is, therefore very 

important. 
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2 Annelids Aq eartliworm has sensorj- cells of vanous types — tactile, chemi- 
cal and hght receptors, scattered throughout the epidermis, but most concen- 
trated m the prostomium and anterior segments Only the sense cells which are 
sensitive to dryness seem restncted to the prostomium (232) Nereis, on the 
other hand, has fewer epidermal receptors, its effective chemoreceptors are on 
palps and tentacles and instead of scattered photosensitive cells it has several 
pairs of eyes on its head After the bram is removed from an earthworm the 
anterior segments are lifted upward, it crawls normally, appears restless and 
active, it can right itself, can copulate, eat, and burrows m half an hour as com- 
pared to a normal time of one to two mmutes (198, 239) After the bram is 
removed from a Nereis it no longer feeds, does not burrow , is over-active and has 
lost its hght sensitivity and most of its chemical sensitivity (183, 198) When 
the sub esophageal ganglion is removed from either species there is no burrowing 
and the worms are very qmet The bram, then, is a sensory center and it nor- 
mally has an inhibitory or restrammg control over the motor centers m the sub- 
esophageal ganghon 

An example of mtegrative cephahc dommance which has a simple morphologi- 
cal basis is found m the responses of an earthworm to hght An earthworm 
normally responds negatively to lateral illummation When the bram is removed 
the direction of its r3sponse is reversed (134) If the ventral cord is cut a few 
segments behmd the subesophageal ganghon the antenor tip turns away from 
the hght while the region behmd the cut tends to bend toward the hght If one 
esophageal commissure is cut the worm tends to cucus toward the normal side 
and when illummated from the mtact side the worm turns toward the hght but 
when illuminated from the operated side turns away from the hght (238, 148) 
Apparently the scattered photoreceptors set up a homolateraJ reflex m the ventral 
gaugha, a positive response to hght, the tracts from the prostomium and first 
two segments, howe'ver, cross m the bram and cause a negative response The 
bram normally doramates but at very low hght mtensities a positive response may 
occur 

The brams of some polychaete worms are complex and have lobes correspond- 
mg to the specialized forebram centers of arthropods (123) These lobes (corpora 
pedunculata) are best developed m free-swimming polychaetes which have cuticu- 
lar eyes, they do not occur among ohgochaetes It has been shown that Nereis 
(77) can be taught simple associations, Lumbncus (334, 133) and Lumbricalus 
(252a) can be taught even when the brain is not present An investigation of 
mtegrative functions of the bram of Nereis should be very mterestmg m view of 
the complexity of its bram 

3 Arthropods There is much variation m complexity of the bram among 
different groups of arthropods In general there are three regions the proto- 
cerebrum, the deutocerebrum and the tntocerebrum The bulk of the lateral 
portions of the protocerebrum is devoted to vision centers which are directly con- 
nected to the eyes, the middle and antenor portions contam the association a^. 
the protocerebraJ bndge, the central body, and the large cellular corpora pedm- 
culata There are no corpora pedunculata among some lower Crustacea me 
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deutocerebrnm usually lies ventro-anteriorly and may contain large antennal 
centers as well as “olfactory" lobes The tntocercbnim lies behind and cus- 
tcmarily gi\e3 nse to certain nerves going to mouthparts os ■well as to the stoma 
togafltrio nerves, the tritocerebrum is contmuous with the circumcsophageal 
commiftsurea. 

In View of the complex instinctive behavior and limited but real modi 
fiabilit> of behavior m arthropods, especially among insects, an understanding 
of the function of different porta of the bram should be useful HanstrCm 
(123) has compared the relative portions of the brain occupied by different 
regions m various groups as follows 


ViiioQ e«Dten 


Vldon center! 

Vldon cent«n 

Olfactory centers 
Olfactory centers 
01f«tory centers 
Olfactory centeri 
Central body 
Central body 
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Since the da 3 ra of Anstotle, the obscryation of behavior of arthropods from 
which parte of the body have been removed has been a favorite pastime A 
®Offlpleto survey of papers up to the year 1930 dealing with the effects of opera 
tions on the nervous system is given by Ten Cate (301) 

The following is a list of the moat unportant animals on which operative studies 
on locomotion have been mode, with references to the papers 
Crvsiaaa SquiHa — 35, Palaemon — 82, 80, Honmnia — 100, Astacus — 35, 124, 
160, 287, 314, vanoua crabs — 34, 82, 80, 1^, 5^, 287, 312, Cancei^lOO, Mnja — 
287, Eupagurtis 300, Portimua — 133, Onisctis — 287 
^^hotura and Arachnida Limulua — 150, various spiders — ^200 
Alynopoda Lithobiua— C7. 163, 287, Julus— 70, 287, Scolopcndra— 02 
Inttda Dyljscus-90, 235, Hjdrophilus— 35, Carabus— 19, 111, 290, 
^ennuB larvae— 271, Mclanoplus— 95, Mantis— 202, Ranatra— 140, Pori 
pl^eta 20, 21, 290, dragon fly nymphs (Acschna larvae) — 22, 313, (Clocon 
™ Agnon larvae) — 3, Apis — 35f Lymantrin larva — 177 
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Sumlanty of results indicates that further investigations by these gross meth- 
ods would not be fruitful 

Removal of any part of the bram which receives tracts from any sense organ 
18 eqmvalent to removmg that sense organ Immediately after removmg a 
sense organ or mjurmg the bram, there may be a shock reaction of general mco- 
ordmation Ther^ter, specific behavioral deficiencies appear Moat arthro- 
pods can eventually compensate for the removal of one eye or of an antenna, 
whereas mjury to the bram leaves a more permanent behavior deficiency If 
both circumpharyngeal commissures are transected, reflexes of the head such as 
antennary movements remam, otherwise the effect resembles that of total bram 
removal Spontaneous directed locomotion ceases, although locomotion is pos- 
sible under stimulation Locomotion is less impaired by bram removal m some 
species (Carcmus and Eupagurus) than m others (Astacus) Mouth-parts may 
move, but usually there is no co-ordmated feedmg Some animals can chew 
but cannot swallow after bram removal Rightmg and leg reflexes are unim- 
paired Usually there is extensive random activity of legs 

When one circumesophageal commissure is cut, or one lateral half of the bram 
destroyed, the arthropod circuses toward the mtact side Legs on the operated 
side tend to be flexed and low m tonus so that the animal leans toward this side 

There are many reports that removal of the subesophageal ganghon, or cuttmg 
behind this ganghon stops spontaneous activity Local segmental reflexes, 
however, persist The subesophageal ganghon is apparently the principal motor 
center, but the other thoracic and abdommal ganglia are capable of carrying out 
reflexes of locomotion, autotomy, and so forth, these are normally regulated by 
the subesophageal ganghon 

The mcreased leg activity after bram removal suggests the release of the 
ventral motor centers from inhibition by the bram Similarly, when the brain 
was removed from dragon-fly larvae (197, 84), there was an mcrease m breathmg 
frequency (although recovery of the normal rhythm has been reported (313)}, 
while when the subesophageal ganglion was removed, the breathmg frequency 
(determmed by postenor ganglia), was decreased Death-femtmg is a function 
of the nervous system as a whole rather than of any particular ganglion, msome 
insects and m spiders it is relatively unaffected by bram removal In others, 
as the spider Celaema (260), there is no death-femtmg after bram removal In 
Ranatra, the death-femtmg reaction is shortened after bram removal (140), 
the postenor half of the body with nerve-cord cut comes out of a femt sooner 
than the part of the body contammg the bram The most convmcmg evidence 
for inhibitoi^' action of the bram on the ventral gangha comes from electncal 
stimulation Jordan (160) stopped circus movement m a crab by a weak el^ 
tncal stimulation of a transected circumesophageal commissure Celesm (65) 
caused a flexion of the abdomen of Pahnurus and Homarus by tetamc stunula- 
tion of the abdommal nerve-cord, if dunng this stimulation the bram was also 
stimulated, the abdommal response was dimmished Caselh (64), also wortog 
on Pahnurus, stopped the responses of tail and cloaca to abdominal stimulation 
by simultaneous stimulation of the circumesophageal commissures 
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The interaction between the brain and Bubesophngeal ganglia is clearly shown 
by the wort of Roedor on the praying mantis (262) When one side of the proto- 
cerebrum was removed the legs lost tone on the operated side, the legs on the 
operated side were more active and the leg sequence changed, circuaing was to 
the normal ade When both protocerebral lobes were destroyed, leg tonus was 
lost on both ades, there was locomotor restlessness, the mantis walked straight 
ahead, did not avoid objects, and showed no head motility or backward walking 
When the protocerebrum was split there was decreased leg movement, high 
neck and prothoracio tonus and active visual responses (foUowmg moving ob- 
jects) When the subesophngeal ganglion was removed there was no locomotion 
except to strong stimulation Roeder concluded that the subesophageal ganglion 
exates locomotor acttvity m thoracio gangha, that the protocerebral ganglion 
has inhibitory centers controlling the irritability of the subesophageal locomotor 
center and excitatory centers maintainmg tonus and activity in neck and pro- 
thoracic muscles, these protocerebral centers are homolateral, are inhibited con 
tralaterally by each other and strengthened by homolateral sensory impulses 
Roeder noted that sometimes m mating, after claspmg, the female eats the 
male, head first, and copulation contmucs actively Experimentally he found 
(261) that it the brain wns removed there was no sexual activity, but if the sub- 
esophageal ganghon was removed the male made copulatory movements and 
the female Would receive the male. The copulatory center b In the last ab- 
dominal ganglion and this is normally inhibit^ by the subesophageal ganghon 
Thus the eatmg of the head (and subesophageal ganghon) by the female actually 
releases copulatory activity 1 

Some arthropods exhibit very complex behavior, some of w hiob may require 
the presence of the brain A brainless hermit cr^ for example (300) will not 
re^mter its sheR unless it o helped by having the telson pushed m , the hermit crab 
win grasp a new shdl but fafla to mvestigate it as a possible dwelling-place. In 
some arthropods (fenale Bombyx — 201, and Carcinus — 36), mating can occur 
in brainless individuals, whereas in others (various butterflies, — 177), it docs not. 
Ihero is ample evidence that somo insects have capacity for leatmng 
Von Frisch (105), for example, taught honca dices to come to glass dishes set 
over certain colora and patterns E.xperlments concernmg the possible relation 
of parts of the hroin to learnmg should be veiy profitable 
The function of the specifio lobes of the bram can be partly inferred from 
their conneotions as shown m the table from HanstrCm given above Bethe (36) 
^d that rcmoral of the globuU (the cellular jxirtion of the coipora peduncu 
“ta) m Carcinus caused the lees of certam resjionaes to light, and of sidewise 
P^®^otion, he stated that the globuli are mhlbitory contera of the bram In 
me mynapod Lilhobius (163) the protocerobrura inhibits the ventral motor 
and controls the sense of direction Reeder’s results are m agreement 
Ewing (96) on the other hand, stated that the legs of a grasshopper went 
j comtant motion when only the poetenor jiart of the brain was removed, 
m Bummaty, then, the brains of arthropods not onlj are connected with the 
®«t important sense organs of tho body, but they also exert unportant m- 
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tegrative, particularly mhibitory, control of the ventral motor centers It 
should be profitable to mvestigate further localization of function withm the 
arthropod bram and the mechanisms of mteraction between the bram and ventral 
ganglia, and between the subesophageal and other ventral ganglia 

4 Cephalopoda Cephahc doromance has developed m a somei hat different 
manner m cephalopod molluscs The bram and some thoracic gangha of arthro- 
pods represent fusion of several ganglia The cephalopod bram-mass represents 
fusion of paired cerebral, pedal, and visceral ganglia, and completely surrounds 
the esophagus (309, 270) Paul Bert m 1867 (33) w as the first to show that much 
of the-supraesophageal portion of the bram-mass was, like the association areas 
m the mammalian cerebral cortex, electrically mexcitable with respect to be- 
havior He also showed that a respiratory center exists m the subesophageal 
portion of the bram-mass Von Uexkull (309) divided this respiratory center 
mto regions for inspiration and expiration He and other early workers (172) 
also found a center m the subesophageal portion which regulates chromatophores 
The subesophageal portion contains other local centers (270) the brachial and 
pedal gangha controUmg arms and tentacles, the pedal ganglion controlhng 
fuimel and eye-muscles, the pallio-visceral ganglion controlhng mantle, fins 
and viscera In Octopus a center for pupillary closure is found in the sub- 
esophageal portion (316) 

The supraesophageal portion (270) contains (1) Higher motor centers m the 
circumesophageal region — lobus basalis antenor, pcstenor and laterahs, lobus 
peduncuh, stimulation of these lobes ehcits movements of large groups of 
muscles, and umlateral extirpation results m circus movements which may be 
almost contmuous (2) Primary sensory centers such as the olfactory lobes 
and the optic lobes m the optic stalk, stimulation of the latter may result in 
chromatophore expansion and some mantle and fin movement (3) The doreally 
located verticalis complex of three lobes, electncal stimulation of which results 
m no motor responses After removal of the entire verticalis complex Sepia can 
see, sv'im, steer properly, capture and eat prawns, etc However, when a prawn 
which it was huntmg went around a comer the operated Sepia failed to follow 
it out of sight as normal animals did (270) Removal of part of the verticalis 
complex from Octopus hampered its ability to escape from a cage and from a pan 
of shallow water (61) By conditiomng experiments specimens of Octopus (304) 
were shown to be able to discnmmate between square and circle while Sepia 
(270) was tramed not to eject its tentacles at a prawn behmd a glass bearing a 
white circle but to contmue to shoot them at prawns not accompamed by glass 
and circle Sanders and Young (270) conditioned three mdividuals not to eject 
them tentacles at a prawn behmd a glass plate, “memory” of this lasted eighteen 
hours, the leammg of this association occurred after about the same number of 
tnals with or without the verticalis complex 

It appears that the verticalis complex is an association area but that condi- 

tionmg of other centers can occur 

Neuromuscular Integration Among vertebrates mtegrative functions are 
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largely a property of the central nervous system, gradation in control of move- 
ment fa carried out largely m the ventral columns of the epmal cord. Among 
mest mvertehrates there are numerous ganglia each of which can regulate loco- 
motor reflexes Among many invertebrates much control of gradation of move- 
ment fa at neuromuscular junctions rather than centrally A crab “thinks in it 
claws ” 

Early histological studies (40, 139, 191) showed (1) that whole muscles in 
many crustaceans and insects are innervated by only two (or a few) axona and 
(2) that each muscle fiber bos multiple innervation, i e., each muscle fiber re- 
ceivea branches from two or more nerve fibers, often from all the motor fibers to 
the muscle, Tnple innervation of claw muscles m the crayfish was described 
by Van Harreveld and Wierema (307) and even qumtuple innervation of a muscle 
of the leg of Panuhnis (308) Pringle (230) described double mnervation of leg 
muscles of a cockroach It is likely that multiple mnervation of fibers and m 
nervaticn of all the fibers of a muscle by the same axon is a general rule among 
higher crustacca and insects 

Stimulation of claw nerves of Crustacea eariy revealed that at low mtensities 
of repetitive stimuli the adductor muscle contracted whflo at higher mtensities 
the same muscle relaxed (was inhibited) and the abductor contracted (40, 106, 
139, 311) It appeared that the penpheml inhibition was asBoemted with double 
innemticm Keith Laicos (184, 186) showed that m the claws of lobsters and 
crawfish a slow low level contraction of the adductor resulted from a w eak long- 
duration stimulus and a rapid strong twitch from a strong brief shock. On the 
base of thresholds, effective stimulus durations and separate hitenflity-dutalion 
curves he concluded that there were two exataicry systems to the same muscle, 
one fast and one slow Paired stimuli resulted in summation of response in each 
system 

A further complication in crustacean neuromuscular conduction is the fact 
that sometimes single strong shocks applied to a crustacean nerve elicit repetitive 
dficharges m the nerve (24) This repetitive response depends upon the calcium 
in the mednim bathing the nerve (106) Barnes suggested (24) tliat gradation 
in response depends on the frequency and duration of the repetitive diachargo, 
Thfa might explnm the following observations of Blnschko, CattcU and ICahn 
(43) on the claws of Homarus, Cancer, and Maia The tension of the contrac 
tion increased gradually as the frequency of repetitive stlmub mercaaed, more 
tnuficls fibers coming m with increasing frequency Normally the slow closing 
^®«Ponso occurred at 2 to 10 per sec and the feat response at 60 te lOO/scc If 
the slow type response was being elicited and a single extra or atrong shock Inter- 
r^sed, suddenly the contraction changed to the fast closing type and contmued 
*t this level oven though stimulation was at the original low lev'el 

Crustacean neuromuscular junctions, then, behave very differently from those 
<jI vertebrates Begaar (277) suggested that the effect of a ncivv; depends on the 
l^ic state of the muscle so that some fibers can evoke either excitation or in 
^ition This Buggcation lacks experimental verification Segaar also claimed 
™ stunulation of the brain elicits opposite responses from stmiulation of a 
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penpheral nerve (133, 277) Tenner (305) claimed to find a subepidermal net- 
work which mamtamed tonus m the muscles and which was influenced by nn- 
pulses from the nerve centers His views have found no support 
Pantm m a senes of papers (218, 219, 224, 225, 226) analysed the effects of 
frequency, duration and mtensity of stimuh to the nerve upon responses of 
walkmg leg muscles (largely flexors) m Maia and Carcmus At low mtensities 
there was httJe or no response to a smgle shock, a greater response after several 
shocks The response (tetanus) increased with mcreasmg frequency or mcreas- 
mg mtensity "With intensities just above threshold most imits were brought 
mto action at 60-100 shocks per second and a maximum response occurred at 300 
per second Thus the response depended upon the number of impulses arriving 
m the muscle m a given time If the frequency or mtensity were mcreased 
abruptly by 10-20 times threshold the rate and height of contraction mcreased, 
1 e , a quick response was brought m This Blaschko, Cattell and TCahn effect 
could also be obtamed by stretchmg the muscle dunng repetitive low mtensity 
stimulation When the qmck response was fatigued the slow response was also 
Pantm contended that the brmgmg m of the qmck response was due to repetitive 
nerve impulses set up by the mterposed stronger stimulus This would make for 
economy as a few extra impulses commg from the nervous system on a low fre- 
quency backgroimd could change the response from the slow to the fast type 
If bnef tetani were given at mcreasmg mtensities and both the flexor (adductor) 
and extensor (abductor) muscles studied there was first a contraction of the 
extensor, then at a higher mtensity the threshold of the flexor was reached but 
the extensor contraction diminished and at still higher mtensities the flexor was 
inhibited Thus Pantm arranged the four fibers m order of mcreasmg threshold 
as follows excitor of extensor, inhibitor of extensor, and excitor of flexor and 
finally inhibitor of flexor He also was able to separate the four fibers by 
strength-duration curves The inhibition was less effective agamst high fre- 
quency stimulation (fast contraction) than agamst low frequency stimulation 
Pantm concluded that the response m the crustacean neuromuscular system of 
the walkmg leg depends upon facihtation, more muscle fibers respondmg as 
more impulses arrive at the muscle, that the fast response is the result of hi^ 
frequency impulses, that the Blaschko, Cattell and Kahn effect is due to repeti- 
tive finng and that inhibition results from impulses m the second or higher 
threshold axon innervatmg a muscle In the crusher claw Pantm obtamed evi- 
dence for a double excitor system controllmg the slow and fast responses 
Pantm’s views were supported by K&tz (166) who demonstrated summation of 
both electncal and mechamcal responses of the Carcmus walkmg leg He found 
the largest mcrease m number of respondmg fibers at between 60 and 120 shocks 
per second and noted repetitive nerve responses to a constant current 
Electncal responses have frequently been recorded m crustacean muscles 
DuBuy (87) used tmy knob electrodes for recordmg and detected a fast nerve 
potential followed by a slower muscle response He found a negative excitatory 
wave and a positive inhibitory wave and stated that the muscle would respond 
to adrenahn without an action potential The observation of positivity m 
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inhibition baa not been repeated Serkoff (278) stated that inhibitory impulses 
to a resting muficle did not alone set up any electrical phenomena but mi^t or 
inl^t not reduce the height of the potential m a contracting muscle Sommer 
(286) supported Pontin’s vimva that the response is a function of the frequency 
rf stnnulatiOD, m Astacus he found that an mcreaso m frequency by ten times 
increased the amphtude of the potential about three times, stimulation of the 
inhibitor nerve and of the excitor simultaneously dim mi abed the muscle potential 
whDe stimulation of the inhibitor nerve alone resulted m no clectncal wave in 
th« muscle 

From 1933 to the present Wiersma and his collaborators, particularly Van 
Harreveld, have published a senes of papers which constitute the most extensivo 
and defimtive work on thtft subject ‘V^ersma’s chief technical contribution is 
(he isolation and identification of function of smgle motor nerve fibers It had 
been indicated earlier and definitely shown by Knowlton and Campbell (174) 
(also Knowlton, 176) that the claw nerve of the lobster could be spht mto bundles. 
One cmitammg the larger motor fiber caused contraction of the adductor and 
inhibition of the abductor The smaller fibers on the other hand had the reverse 
effect, Wiersma and his associates have traced the course of mdividual fibers by 
®ethyleio blue atammg and have identified their actiofi by stunulatmg the 
Kpajuto nerve fibers and recording oontraotaons and muscle action potentials 
Their work was sumroorired at length m 1941 (321) and only a brief dcscnption 
of It can bo given here. 

The variation in pattern of nerve fiber distribution among different species 
•nd m differait muscles of one species is remarkable. Borne muscles receive one 
*tatatory and one inhibitory fiber, m these muscles the height of contraction 
'Spends upon faciUtation, the walking leg muscles studied by Pantm ore ex 
Staples Some muscles receive two excitatory and one inhibitory fiber In 
these the largest fiber, the “fast” one, causes a contraction of short latency, rapid 
Bhortening, and hi^ tension development, the fast fiber may cheit an action 
potential which appears with the first of a tram of impulses and shows shght 
fwJUtatlon for the first few spikes af ter whidi the contraction begma (300) SUmu 
lation of the second or intermediate fiber, the “slow” one, causes a contraction 
which builda up verj slowly so that there is an apparent long latency and a low 
(taUHon, the muscle acticn potentials are smaller than from the “fast" fiber 
stimulation, they may not appear until after sea oral stimuli and thej show much 
faalltalion Stimulation of the third and smallest fiber causes inhibition of 
wntracUon, reduces the height of contraction and m some muscles reduces the 
ha^t of the notion potential, Inhibition is more effective against the slow than 
the fast contraction During complete inhibition no contraction occurs, 
hut faciUtation contmues to bo built up in the slow system as shown on release 
from mhiblUon The distinction between “fast ’ and slow" responses is quan 
titative rather than quahtatlve At low frequencies (40-50/sec ) the difference 
between the two fiibciB may bo very sh^t or the larger fiber may even give a 
contraction but at hi^ frcqucncica (over lOO/sec ) the fast contraction 
I* much greater (320) Thus the optimum frequency m the alow fibers is lower 
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than m the fast fibers The difference between the fast and slow contraction of 
the same muscle becomes less m the species series Cambarus > Randallia = 
Blephanpoda > Cancer so that m Cancer there is httle difference between the 
two except latency (326) The flexor of the carpopodite of Panuhrus has five 
axons, 4 excitors of different rates and one inhibitor (308) The amount of 
facilitation required to elicit p, contraction varies mth the species, e g , in the 
erayfish the fast system gives a detectable response to one shock, the slow system 
requires more than one while m Blephanpoda repetitive st imuli are required for 
both systems (327) The ratio of optimum inhibitory to excitatory frequencies 
IS fairly constant for any given system (323) For example, m^the slow bender 
of Pachygrapsus three excitor impulses are suppressed by one inhibitor, in the 
slow closer of Cambarus one excitor requires three inhibitor impulses, while the 
fast closers of these species respond to smgle excitor impulses and are 
iminhibitable 

In se\ eral instances one nerve axon serves two muscles (320) For example 
m the crayfish claw (Cambarus clarku) the daetylopodite (pmcer) abductor has 
one excitor which it shares with the extensor of the protopodite while the latter 
muscle shares its inhibitor with the adductor of the daetylopodite (307, 329). 
In Cancer (322, 324) the abductor of the claw has two inhibitor fibers, one its 
"true” inhibitor reduces muscle potentials if stimulated just before the excitor, 
the other its “common” inhibitor is shared with the adductor of the same seg- 
ment and IS vithout effect on the potential of the abductor but reduces its con- 
traction and shghtly reduces the potential of both fast and slow sjmtems of the 
adductor Often reciprocal innervation does not apply for a pair of antagonists 
and at least one muscle receives two inhibitors (322) Regenerated claws may 
have more motor axons than normal claws (306, 25, 320) 

When both excitor and mhibitor fibers are bemg stimulated repetitively, the 
inhibitor fiber may cause dimmution of both contraction and action potential 
if its impulses amve less than 10 msec before the excitor impulses ("supplemen- 
tary” inhibition), or the inhibitor may cause reduction of contraction only, if its 
impulses precede the excitor impulses by longer times ("simple” inhibition) 
(191a) 

All evidence mdicates that every fiber m a muscle receives a branch from every 
axon Each fiber, then, must contam several excitation systems Keighley 
and Wiersma (167) showed that the slow system is more efficient than the fast 
one m that its ratio of heat to mechanical work is loner However, chemical 
changes are of the same order with the tn-o types of contraction (32) It is 
possible to produce fatigue and facihtation among the different excitor systems 
separately (328), one mhibitor can suppress two or more contraction types 
How so many types of response can be elicited m the same muscle fiber is a 
major problem for muscle physiology Wiersma (321) presented the following 
scheme for each excitor system nerve impulse -» transmission process -> muscle 
potential transmission process contraction He suggested that facilitation 
can occur at either transmission process and that the contraction “ 

common to several lands ^of nerve impulse, "simple” inhibition blocks between 
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the muscle potential and the contraction, ■whereas “Bupplementars^’ inhibition 
Meets between the nerve impulse and the muscle potential 
la general, crustacean muscle differa from vertebrate striated muscle m showing 
multiple innervnticn, the same axon servea many muscle fibers so that conduction 
threughout the muscle can he nervous, some muscle fibers receiie axons which 
shell contractions of different speeds and tensions, facilitation is essential for 
most contractions, more for the slow than the fast ones , a nerve fiber may dis 
charge repebtivcly to a single stimulus , there are specific inhibitory nerve fibers 
Regulation of the height and speed of a contraction is brought about by (1) 
variation m frequency (facilitation), (2) action of fast and slow nerve fibers, 
(3) inhibitor nerve fibers, and (4) by contmuabon of a high level response at low 
level stunulaticn alter a few high freopieney impulses 
Multiple innervation of muscles exista not only m Crustacea but also m 
insects (191) Each of the leg muscles of a cockroach receives two nerve fibers 
(237) One of these causes a tonic contracbon and dboharges when attached 
normally to the nervous system at SO/seo while the other gives bursts of large 
spikes at TS/seo and causes a qmck high level contracbon (236) The slow 
system shows much facilltabon, the fast system litOe or none. No inhibitory 
fibeis were found, but antagonism between extensors and flexors mvolvmg 
toitral mhibibon in unisegmental reflexes was shown by appropriate sensory 
stimnlabon of mtact preparabons (237) Fnednch (104) obtamed funcbonal 
svidenee of mulbple limervation in the control of peripheral mhibibon of the leg 
muscles m Dtxippus 

In the clam Mya arenaria, the adductor muscles and manbe retractor muscles 
receive two types of nerve fiber (249) One fast type elicite a rapid oontracbon 
'bth large acbon potential, the other type causes a prolonged tonic type of 
wobacUon with a low level electrical response Buoh a system is efficient when 
a low level contraction must bo mamtamed and occasional quick oontracbons 
tepenmposed The retractor of the buccal mass of Helix appears not to ho 
doubly innervated (253) In Pecten the adductor muscle b composed of a 
sbisted porbon used for rapid swimming movements and a smooth porbon used 
for prolonged maintained contracbon (26) During swimming the smooth 
ttuscls h inhibited and part of this inhiblUon is probably ponphend (30) 

Wo have found no informabon as to whether mulbple Innervabon extsfs among 
^mielids or echinoderms 

Many invertebrates, then, carry out much regulabon of movement by po- 
rtphetal neuromuscular mechanisms, regulation which in the ■vertebrates fa 
terried out in the spinal cord 

Chmtad Agenlt The nature of synapbe transmission m mvertebrates is 
™iTOlly unknown. No analysiB of ganglionio potentials have been made 
ffiough many measurements of synapbo delay are a^vsilahlo. 

In view of the importance of acetylchohne m sympathebo ganglia, at certam 
®breonui5cuIar junctions and at numerous other nerve endmgs m vertebrates it a 
sonable to mqulro mto the ongm of cholmergic systems The effects of 
“tetylehohne and adrenalin upon mvertebrato hearts, chromatophores, and 
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Visceral musculatiire are not pertinent to this review It should be said, however, 
that evidence from a few perfusion experiments and from the effects of drup 
upon mvertebrate hearts mdicates that acetylchohne may have much to do with 
cardiac regulation m many animals Acetylchohne accelerates neurogenic 
hearts (most arthropods and probably mast annehds) and inhibits myogenic 
hearts (molluscs and vertebrates) (246) 

Information conceramg chohnepgic systems tan be obtamed from (1) measure- 
ments of chohnesterase content of nervous and muscular tissues, (2) measurements 
of acetylchohne (Ach) m these tissues, and (3) sensitivity to acetylchohne and to 
its potentiating and antagonizmg drugs Available data on chohnesterase 
content of mvertebrate tissues and a few representative vertebrate tissues are 
summarized m table 3 The data presented m this table are not all comparable 
because of differences m method and m laboratory The highest concentra 
tions of chohnesterase reported m vertebrate tissues are m electnc organs of 
fish, the highest m mammalian nervous tissue are m sympathetic gangha (except 
dog lenticular nucleus) A ganglion of the squid is the highest mvertebrate 
tissue reported although the lobster gangha, honeybee bram and Limulus heart 
ganghon appear to be nch m chohnesterase Chohnesterase is found m nervous 
and muscular tissues m all of the groups tested down to coelenterates and cteno- 
phores Among coelenterates Bullock and Nachmansohn (60) found the enzyme 
m the hydrozoans and anthozoans Tubulana, Metndium and Sagartia but 
found none of it m any regions of the medusae Cyanea and Aurelia, they found 
none in the ctenophore Mnemiopsis They also found none m the sponge Grantia 
or m Paramecium although adequate masses of tissue were used Bacq (10) 
also found none m Rhizostoma and sponges although he found much mthe 
muscle of Holothuna The concentration m flatworm mixed muscle and nervous 
and other tissue is stnkmgly high 

The activity of mvertebrate extracts towards other substrates than ACb 
has been exammed m the honeybee bram where there appeared to be propor- 
tionately very much more "true” than "pseudo”-chohnesterase than in mam- 
mahan sympathetic gangha 

Determmations of acetylcholme content are less dependable than deter- 
mmations of the esterase because of hydrolysis and necessity for quick mactiva- 
tion of the esterase before assay Further, there is uncertamty as to how acetyl- 
chohne may be “bound” m tissues Such results as are available are given in 
table 4 Crustacean gangha compare favorably with mammalian sympathetic 
ganglia and some insect gangha appear to be even higher m acetylcholine content 
Octopus gangha contam the highest concentration yet observed (except possibly 
for some insects) Bacq and Mazza (17) punfied and chemically identified this 
acetylchohne from Octopus 

The correlation of esterase and of acetylchohne content with responses to 
acetylchohne is confusmg and raises a question of the significance of 
and acetylcholme, which occur m many groups Good evidence tM 
acetylchohne plays a part m neuromuscular transmission exists for annelid 
In the earthworm and leech the body wall is stimulated to contract by acety - 



TABLE 3 


Choiimticnut rrpruenttdirf nervom ond nwromutcidar tUtvu 


jjmuLTtun 

aaruua 

QCaE 

BP* AdXTBtnrxta 
at lOOuBL Ttnut 

1 RKKOVaATlTTl' 

Vertebnitef 

1 


Doc— brftin cortex 

, (ai2) 

2-3 

Rit— train cortex 

1 (283) 

4 7* 

Guinea pig— brain cortex 

(382) 

4 6* 

Guinea pig— brain cortex 

1 ()»2) 

1 3 

Oi— brain cortex 

(21Ba) 

1 B* 

Oi^-caudate nucleus 

(218«) 

6 fi* 

Dog— lenticular nudeoa 

(212) 

70 0 

Dog— cer aympatbotlo ganglion 

(212) I 

14 0 

Cat— oer aympatbeUc ganglion 

(116) ' 

360 

Cat— cer sympathetic ganglion 

(272) 

28 4 

Guinea pig— cer sympathctio gan^lon 

(273) 

12 8 

Cat— sympatbelio fibers ' 

(2rj) 

87 

Dot-H^palbetlc fibers 

(312) 

6 0 

Gal— kUUo nerre 

(273) 

0 7 

Prog— Bciatio nerve | 

(103) 

0 7B-1 0 

Chicle (9 day incubation) nmsolo 

(313) 

8 0 

Chick (20 day incubation) znoscle 

(3)3) 

D 4 

CUck (21 day after batching) muscle 

(213) 

0 0 

Chick adult muscle j 

(218) 

04 

Frog— thigh muicle 

(102) 

0 76 

Frog— aartorius (pelvie end) 

(105 103) 

0 13 

Frog— tartoriua (Ublsl ond) 

(195 103) 

0 4-0 8 

muscle 

(106) 

1 6-3 4 

Gymnotus — electric organ 

(318) 

90-ieo 

Torpedo— electric organ 

(216) 

160-300 

ItsU—clectric organ 

(316) 

8-10 

Hoctrophorus — electric organ anterior end 

(310 

400-600 

Electropborua — electric organ, pc^rior end 

(2H) 

100 

Artbopoda 



Hotnarue— abdominal chain 

(216.) 

3 3* 

Hotnaru*— central ganglia 

(2)2 194) 

15-25 

UmtUo*— central linglln 

(384) 

6 0* 

MeJanoploi — brain 

(303) 

0 406 

Hottejbeo— br»in 

(2S7) 

16 6* 

Astacof— nerve cord 

(163) 

-n- 

Periplanete — nerve cord 

(303) 

0 13 

Welanoploa— nerve cord 

(203) 

0 350 

Hoiaarua — nerve fibers 

(212) 

10 0 

bbnulua— cardiac gaDgllou 

(234) 

14 77 

Uniulua— Trhole heart 

(384) 

1 6 

CitlloMlra— wholo h«rt 

(284) 

1 63 

F*guiiia— ifbole heart 

(284) 

1 87 

Llbmia— whole heart 

(284) 

1 18 

JJrianoplue-wholo heart 

(202) 

0 Ot 

Melanoplot-ihoraclc muacle 

(202) 

0 134 

fWanoplus-femnr moacle 

(202) 

0 068 

Umoltra-gkeietal muacle 

(284) 

0 144 

iiomarua-^jteleUl mtiacle 

(106) 

0 2-0 8 


309 
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S£F£S£NCE 
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mgm Acn eYDBOLTro 
BY 100 ICOU TUSOB 
PE* OOU* AT KTP 

Ai thop od 3 — Continued 



Homarus — skeletal muscle 

(18) 

0 077 

Melanoplus — blood 

(202) 

0 059 

Limulus— blood (serum) 

(284) 

1 34* 

Rat — blood 

(262) 

1 37* 

Gmnea pig — blood 

(262) 

3 61* 

MolllIROS 



Modiolus — heprt 

(284) 

8 73 

Venus — heart 

(284) 

0 176 

Eusenia — muscle 

(18) 

0 076 avg 

Eusenia — brain 

(18) 

1 18 

Loligo — giant axon (whole) 

(44) 

0 16 

Loligo — giant axon (sheath) 

(44) 

0 42 

Lohgo — unspecified ganglion 

(216a) 

160 23* 

Lolico — mantle nerve 

(216a) 

0 70* 

Annelids 



Pontohdella-«ekin-musclo 

(18) 

0 017 avg 

Echinoderms 



Asterias— radial nerve cord 

(60) 

0 384 

Thione — radial bands 

(60) 

0 820 

Holothuria — muscle 

(18) 1 

0 0746 avg 

Nemerteans 



Cerebratulus — dorsal muscle 

(281) 

6 86* 

Flatworms 



Prototyla — body (Dendrocoelum) 

(00) 

0 3 

Planana — body 

(60) 

++++ 

Ctenophores 



Mnemiopsis — comb plates, etc 

(60) 

0 

Coel enters tes 



Tubiilana — heads 

(60) 

0 267 

Tubularia — cleaned stalks 

(60) 

0 312 

Metndium — whole 

(60) 

0 034 

Metridium — oral disc 

(60) 

0 009 

Metndium — ^muscle 

(18) 

0 002 avg 

Aurelia and Cyanea — epithelial sheet and related 


2 positive out of 

12 preparations 

tissues ' 

(60) 

Sponges 

(60) 


Soypha — whole 

u 

Protosoa 

(60) 

0 

Paramecium 


* QChE calculated from data given in reference 
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TABLE 4 

Actlylcholfne content t(f uUdid Unuu 


AKnOLTUXin 

Bxnujiac 

Ack coarruT n y/cm. 

Verlcbrale* 

■Mi 


Dog— brtin 


1 6-3 8 

Dog— brain 


0 4 

C*t— brain 


0 4-3 

Cai—baaal ganglia 


0 4 

Cat— eympathelic ganglia (nonnal) 

m 

10-20 

Cat— aympathotlo ganglia (denerval©d) 

(62) 

1-3 

Cal— eytnpathetic ganglia (normal) 

(180) 

25 

Cat— aympatbotlo ganglia (denervatcd) 

(169) 

7 

Hone — lyinpwlboiic nervo 

(6fl) 

1 8-2 0 

Kabbit^-ontar Inteatinal layar (with myentono 



plaxua) 


10-16 

Golnea pig— outer Intestinal layer (with myenteric 



ploxua) 


Ifi-20 

Arthropods 



Crayfeh — nervous system 

(163) 

20 

Crayfish — ventral nerve cord 

(279) 

y 8 

Crayfibh — nerves 

(286) 

3-12 

Crayfish— ^ngUa 

(286) 

14-A6 

Crayfish — blood 

(285) 

0 7-1 I 

Hotaaru^nerve cord 

(279) 

16 9 

Cancer— nerve cord 

(279) 

3 1 

CaUlnectee — nerve cord 

(279) 

6 6 

CardnuB— “norve cord 

(163) 


Pallnums — abdominal muscle 

(9) 

<0 1 

Cockroach — nerve cord 

(203) 

70 

Hi»ota (series of genera) — ganglia 

(78) 

35-200 

Haecls (series of genera) — head 

(78) 

2 6-60 

Id«cU (seriee of genera) — blood 

(78) 

0 

Molluacs 



Hall* UnJo Anodonta — nerves and ganglia 

(6) 

++ 

Aplytla — etoph ganglion 

(10) 

2-3 

Aptysta— toot 

(10) 

0 3 

Aplyila— etomacb 

(10) 

0 6 

PecUmoalus— body 

(10) 

0 66 

Cctoput— -ecrebral gan^on 

(10) 

77 

^^opus— stomach and caophagua 

(10) 

1 4 

Octopus— ovary 

(10) 

0 2 

Octopuo— lertit 

(10) 

0 

Octopus— mantle muacle 

(10) 

0 7 

OotopQs— blood 

(ID) 

0 

Annelids 



Bpirotraphio— body 

(10) 

08-07 

Ilttlt— body 

OO) 

0 8 

Kpnneulus— body 

(10) 

0 8-0 9 

SpooTOliu— modjl. 

(10) 

0 r 
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TABLE 4 — Conltnued 


AHIHAI. TISSUE 

lETBKXNCB 

Ach coKTtifi m 7/gm. 

Afioidians 



Ciona — body 

(10) 

0 

PhalluBia — body 

(10) 

0 

Eobinodems 



Holotbuna — longitudinal muscle 

(10) 

16-17 

Holotbuna — intestine 

(10) 

0 4 

Coelenterates 



Rbizostoma — body 

(10) 

0 

Aloyonum — body 

(10) 

0 

Ponfera 



Leucoma — body 

(10) 

0 

Sipbonocula — body 

(10) 

0 


choline and sensitivity is increased by eserme The action of acetylcholine upon 
the earthworm body wall is abolished by mcotme (333) Summation of con- 
tractile response of the earthworm body wall to repetitive electncal stimulation 
IS mcreased by eserme (47) Bacq and Copp^ (16) found that eserme mcreased 
the muscular responses of Sipunculus, Hirudo, Aremcola, Aphrodite and Lumbn- 
cus to stimulation of the nerve cord They found no such effect when the 
eserme was apphed to the nerve cord alone but they did get evidence that the 
leech body wall liberated acetylcholme when the nerve cord was stimulated. 
The crop and gizzard of the earthworm show spontaneous rhythmic contractions 
and acetylcholme at 10~° superimposes a slow' contraction on this rhythm (332) 
When the preparations are from earthworms which have been cooled the spon- 
taneous contractions are absent but the response to acetylcholme persists, the 
ACh effect on the gut is abolished by atropme A spontaneously active prepara- 
tion liberates mto bathmg fluid a substance which may be acetylcholme (4) 
From the precedmg evidence and other contributmg details it is likely that 
acetylcholme has somethmg to do with neuromuscular excitation m somatic 
and visceral muscles of annehds 

Molluscs appear to differ much m their responses For example, the slow 
adductor muscle of Pecten is not stimulated by acetylcholme (26), whereas the 
retractor muscle of the buccal mass m Helix does respond to the drug (^3) 
In the cephalopods Octopus and Eledone acetylcholme and eserme have no effect 
on the stellate ganghon, the neuromuscular response of the mantle is not m- 
creased by eserme but the mantle muscle is sensitive to acetylcholme and re^val 
of the steUate ganghon greatly mcreases the mantle sensitivity (12, 15) There 
was no mcrease by eserme of responses of foot and siphon muscles of Buccmium 
tmd Mva (16) Bacq (12) perfused the mantle of Eledone with esermized salme, 
the perfu^te contamed acetylcholme but stimulation of the mantle nerve did 
not mcrease its Ach content 
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la the holothumn Sbohopua the longitndmfll muscles are sensitive to acetyl 
choline, responding to dflutlons of 10~' without esorme and to 10~* after eserine 
(13) The mantle muscle of the aacldian Cynthia is stimulated by acetyloholme 
hat the response is not potentiated by caonne (15) Bullock (personal oommum 
csbon) found that spontaneous con tractions of the proboscis of the enteropneust, 
Baccogjoesus, were greatly moreased by acetvlcholmo That this sensitivity is 
not a property of all nerve nets was shown by the fact that the contmotions of 
medusao were not affected by acetylcholme or eserme. Muscles of the aothuans 
Calliactls and Metndium were also msensitivo to acetylcholme ICM, even after 
esermliabon (12) In general, m the above groups of animals there Is a rou^ 
conelstion betweoi response to acetylcholine and the existence of chohnesterase 
Among the arthropods, on the other hand, except for heart and gut there is no 
clear evidence for any function of acetylcholine DuBuj (87) stated that the 
mnscles of the crayfish olaw are insensitive to acetyloholme, this has been con 
finned by Bacq (11) and by Kllis, Thienea and Wierama (92) The last named 
authors tested a vanety of drugs and ions upon crustacean neuromuscular 
preparations and could find no evidence lor humoral transmission Kati (166) 
and Waterman (316) had found an inverse relation between the response of 
®ataccan muscle and magnesium content of the bathmg salme but Ellis ot al 
(82) did not confirm this There seems to be agreement among all these wnters 
that curare, eserme, and acetylcholme have no effect upon neuromuscular re 
cponses of crustaceans 

When apphed to arthropod central nervous systems acot>lcholmo is also 
msffeotive either with or without eserme except at concentrations ns high as 
lO'* b the crayfish (246) and m the cockroach (263) Bacq (11) tajected brge 
amounts (up to 40 mgm ) of acetylcholme bto a crab (Carcmus and Palmurus) 
and observed no changes m reflex activity Welsh and Haskm (318) found a 
facilitation of autotomy b crabs mjeoted with eserme or acetylcholme 
Synapho transmission b the last abdominal ganghon of the crayfish was 
studied by Prosser (243, 245) He sUmubted sensoo' hairs on the uropods and 
bison mochamcally and recorded mmultaneously the impidsea on both sides of 
the ganghon Flexion of one hair sent one impulse mto the ganghon Stimub 
tmn of several adjacent hairs, usually 4, was necessary to ehcit one efferent 
mipulse, 1 ^ , spatial summation was required Gangliomc deby for the fastest 
nnits was 2-6 msecs The sensory endmga followed repetitive stimubtion up to 
per second while the synapse failed to transmit faster than 10 per second 
tbired stimuh showed a non-functioiial recovery period m the ganghon of 0 1 
No after-discharge m the efferent response was ever observed A very 
^crent arrangement exists b the last abdominal ganglion of the cockroach 
^cro some sensory fibers pass directly through the ganghon while others synapse 
pant neurones (260) The synaptio deby of the bttcr b 1-2 msec When 
me sensory fibers were stunubtod repetitively a critical frequency was reached 
, 8^fi8/sec at maximal btensities and Ifi/sec at submaxunal btensities) where 
me postganghomo response diminished and its btenoy bcrcased. Recovery of 
•me response could then be brou^t about by suddenly mcreasmg either the 
mquency or the btensity, or by btcrpobtmg a sbgle extra stimulus on the 
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afferent side Temporal summation occurred only when the synapse was in an 
adapted state of dmumshed transmission Apparently a single sensoiy impulse 
was effective, hence no spatial summation was needed, but a given giant neurone 
could be excited by one of sevhral convergmg sensory fibers 

Prosser tested the effects of various drugs and salts upon ganghomc trans- 
mission m the craj'fish preparation (245) Acetylchohne, physostigmine (eser- 
me) and prostigmme were mthout effect upon summation or latency of the 
efferent response Treatment of the ganglion with a sahne low m potassium 
did mcrease facilitation while high potassium decreased it reversibly The 
effect of potassium upon the asynchronous "spontaneous” activity of the nerve 
cord differed m mtact and isolated cords (245, 247a, 264) When the cord was 
m situ, or withm a half hour after removal from the animal, low potassium m- 
creased "spontaneous” activity while high potassium mitiaUy mcreased and then 
depressed it After a half hour of isolation m sahne the potassium effect was 
reversed so that low potassium decreased "spontaneous” activity Neither 
stimulating nor depressmg action of low potassium was antagonized by low 
calcium and only the depressmg effect of high potassium was antagonized by high 
calcium Roeder (265) condSrmed these findmgs and added the important fact 
that if acetylchohne is added to the sahne m which the isolated nerve cord is kept 
the ongmal response of the mtact preparation to potassium persists The 
lobster nerve cord loses much of its Ach to a bathmg medium (279) Thus it 
may be that the acetylchohne which exists m the nerve cord (286) is not a 
synaptic transmitter but that it sensitizes the ganglion cells to any depolarizing 
agents (such as K[), and that acetylchohne may be lost rapidly from an iso- 
lated cord 

The precedmg evidence mdicates that cholmergic systems are widespread, 
certainly m most groups above coelenterates The functions of acetylchohne 
m annehds may be more similar to its functions m vertebrates than m molluscs 
and arthropods The meanmg of the high chohnesterase and acetylchohne 
concentrations m arthropod and cephalopod nervous systems is not clear 

Various mvertebrates produce other pharmacologically active agents besides 
acetylchohne, but their effects have not been much studied In the leech 
ventral nerve cord there are chromaffine cells which may produce adrenalm 
(112) Similar cells occur m the Limulus heart (R Smder, personal commumca- 
tion) Adrenalm stimulates the visceral musculature of some mvertebrates 
(Holothuna (31), earthworm (44)) A possible synergistic action between low 
concentrations of adrenalm and acetylchohne has not been mvestigated, nor has 
the occurrence of adrenalm among lower mvertebrates We mentioned previ- 
ously the cells of the stellate ganghon of Sepia, which seem to have become 
endocrme (335) The Scharrers (273) have descnbed neurosecretory cells m 
the brams of Nemerteans, Annehds, Molluscs, Arthropods and vertebrates 

CONCLUSIONS 

The comparative physiology of nervous systems gives less information for 
tracmg phylogenetic relations than does the comparative physiology ol many 
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other eyetem*. This is because (1) the base nature of nervous oonduoUon is a 
odlnlar problem, and (2) most of the general nervous properties evolved very 
eaiiy In the coelenterate nerve net for example there is already a tendency for 
increaamg speed by through fiber tracts, there is facihtation m such high degree 
that it detennmes a sort of polanty Inhibition m the sense of an inhibitory 
date and central antagonism with reciprocal innervation of muscles are present 
in annehds and, assuming phylogenetic bifurcation below annehds to the two 
main lines of descent, inhibition may well be found among flatworms 
The use of a thick my elm sheath and nodes is a vertebrate development, 
syncytial giant fibers probably arose twice — those with contributmg cells scat- 
tered along the nervous system m the annehd-crustacean Ime, and those with 
contributmg cells grouped together m the cepbalopod molluscs Umcellular 
giant fibers are large neurones and grade mto ordmary ones, such enlargement of 
neurones has occurred many times. 

It is not clear why peripheral conductmg systems or subcpidermal networks 
have been replaced so completely by local reflex centers It is quite possible that 
the sabepldemial plexus in the earthworm, m moUuscan feet (but not m echmo- 
denns} is even now vestigial 

One is impressed with the closely mtcrconnected evolution of central nervous 
and neuromuscular mechamsms In the coelenterate nerve net system there 
is liltle dmtinotion ss to whether facihtation is neuro-neural or neuro-muscular 
Swns of the so-called peripheral oonduotion m worms may be muscular In the 
arthropods the neuromuscular junotion with multiple innervation, facilitation, 
inhibition becomee more important than the central nervous system in grading 
motion 

As one passes toward the most successful or "hifdier” mvertebrates one sees 
mcreasnig headwardness m the nervous system The sensory basis for this is 
clear, the mtegrative basis less so Leammg in the sense of a reversal of a 
*lnreotyped response is probably a property of all fimmals whether they have a 
nervous system or not, as Jennings has pointed out Many of the alterations 
m feeding reactions ohtamed In codentemtes are undoubtedly sensory adapta- 
flon phenomena. In the earthworm oonditionhig was earned out by the ebam 
of ventral gon^ia Only m the verticabs complex of cephalopods, m the corpora 
pedunculata of certain insects (and possibly m those of lower arthropods and 
Poly cliaete worms) is there onythmg comparable to the association areas of a 
''®fcbrate bram Tochmcal difiSculties of smidl sire and fragility have pre- 
tbe study that these struotures suggest 
Not cnougdi work has been done with pharmacologically active agents m 
vertebrates to draw concluslonB regarding chemical mediators It is likely 
ibat there arc cholmergio nerves hegmmng with flatworms and possibly with 
toelcnterates. 


Invertebrate nerves offer many useful preparatioiis for the cellular phydologist 
examples are giant fibere for studying membrane phenomena, nerve 
which remain dopolariied for minutes (Crustacea), neuromuscular Juno- 
“®is m which fadlitatJon persists for many seconds (coelenterates, annehds). 
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inhibitory nerve fibers that can be isolated from excitatory fibers, and muscle 
fibers -which receive from tivo to five nerve axons each of which elicits a different 
response 

I am mdebted to Dr Theodore H Bullock for a critical readmg of the 
manuscnpt 
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THE PHARMACOLOGY OF THE VERATRUM ALKALOIDS 

OTTO KRAYER akd GEORGE H AGHE80N 
T}i* D^pcrimtni of Phannacolo^ Harvard Modteal School^ BoiUm, ilattachiueiU 

A review of the phammcology of the verAtrmn alkaloids is justified at the prea 
ent Ume by several mgmficaut odvancefi The chemical nature of these com 
pounds has been considerably clarified by recent work. The fact that they bear 
some resemblance to the cardiac glycosides has contributed to the mterest m the 
action of the veratrum alkaloids on the heart The chmcal use of crude prepara- 
tions containing veratrum alkaloids has undergone a revival m obstetrical clinics, 
where eclampsia is again treated with theee subetances Parallel with this 
development there has been a revival of mterest in the circulatory action of the 
veratrum alkaloids, end considerable clarification of certain circulatory phenom 
ena has been achieved. Finally, os a result of improved techniques and new 
data, the interpretation of the action of the veratrum alkaloids upon nerve and 
muscle has changed radically smee this subject was lost reviewed 

Because of the emphasis on these advances, this review is of necessitj different 
from previous reviews (Gasser, 83, Quondo, 203, Boehm, 27, BIberfold, 19) 
Hence some phases of the subject may better be pursued there than here The 
medical reader mterested in the therapeutic aspect must be referred to the 
ongmal clmical literature. Although occasional reference is made to important 
chmcal observations, the clmical use of veratrum alkaloids will not bo discussed, 
as it has not yielded fundamental contributions 

One point seems of particular importance for future experimental work. To 
tissure a steady advance in the understanding of the action of the veratrum alka- 
Imds, it la mdispensable that pure alkfdoids be used instead of alkaloid mixtures 
whenever this is feasible. This alone will make possible a complete pharma- 
cologwfil analysis Individual veratrum alkaloids differ markedly m their 
biological action Hence the use of pure substances is imperative in physiological 
work m which veratrum alkaloids are employed as pharmacological tools Inci 
dentally, only the stud> of the pure veratrum ollmloids will permit a correct 
cvahiatioq of the practical usefulness of the individual alkaloids os well as of their 
mixtures, and thus make possible the development of a rational basis for their 
clmical use 

I The chemibtrt op the veratrum alkaloids. The veratrum alkaloids 
are obtamed from liliaceous plants belongmg to the sub-order Melanthaccae 
^0 speciee most thoroughly investigated ore Verairum album, Linn , nativo to 
Veratrum vmde, Alton, native to the United States and Canada, and 
ScAoenocatiZon qfictnale, Gray, also called Asagroca ojjictnalts, Lindlcy, or Fcra 
fram SahadiUa, Rets , the Mexican or West Indian Sabadilla * 

*The nime hellebore is wronflj' applied to the Veratrum specie! or to drugs obtained 
jrotn the*© plants as the Helleborus species belong to tho family Ranunculaceae The 
Jncorrect use of the name hellebore therefore ehould bo discontinued in tho »cIentifio 
uUrature 
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Alkaloids are probably present m all parts of these plants The sources from 
which the chemically known substances have usually been obtained m the past 
are the roots and rhizomes of Veratrum album and Verairum tnnde, and the seeds 
of Schoenocaulon officinale, the “SabadiUa seeds ” 

The chemistry of the veratrum alkaloids is now sufBciently well known to make 
possible the recogmtion of several well-defined pure substances which are probably 
built upon a common fundamental structure 

Veratrum album and Verairum tnnde were found by various authors (42, 128, 
132, 133, 197, 198, 199, 200, 225, 226, 227, 234, 236, 262, 264) to yield some or aU 
of the foUowmg crystalhne alkaloids protoveratnne, germenne, jervme, rubijer- 
vme, pseudojervme, and veratrosme The seeds of Schoenocaulon officinale (24, 
30, 76, 119, 172, 263) yneld the ciystaUme cevadme, the amorphous veratndme, 
and small amounts of the crystalhne cevme Table 1 contains the characteristics 
of the important alkaloids which are present m the plant, or, like protoverme, 
protoveratndme, germme, and veratramme, can be obtamed as hydrol)rtic 
products 

Some of these alkaloids are ester alkaloids which by hydrolysis under smtable 
conditions can be spht mto a basic part, or alkamme, and one or more orgamc 
acids 


Protoveratnne + 3HsO 


Germenne -f- 2HjO —* Germme -f 


acetic acid 

Protovenne + methyl-ethyl-acetio acid 
methyl-ethyl-glycohc acid 

methyl-ethyl-acetic acid 


methyl-ethyl-glycohc acid 
-f veratnc acid 
+ tighc acid (or angehc acid) 


Veratndme -h HjO — > Cevme 

Cevadme -f HsO — » Cevme 

The ester alkaloid protoveratndme, accordmg to Poethke (198), is a decdmposi 
tion product of germenne, the hydrolysis of which may occur m two stages 

Germenne + HiO — » Protoveratndme + methyl-ethyl-glycohc acid 


Protoveratndme -h HjO — * Gremune -1- methyl-ethyl-aoetio acid 

Jervme, rubijervme, pseudojervme, veratramme, and veratrosme are non-ester 
alkaloids, or alkammes, like protoverme, germme, and cevme Pseudojervme 
and veratrosme differ from the other alkamm es m that they are glycosidic alka- 
loids (132, 133) On hydrolysis, they spht mto d-glucose and the respective 
alkammes, jervme and veratramme, accordmg to the following formulae 

CJ3H49O5N -f Ct 7 H» 03 N + CgHuOa- 

Pseudojervme jervme d-glucose 

CamaOrN + HtO ->■ C^HwOjN -f CVHiiO. 

Veratrosme veratramme d-glucose 
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TABLE 1 


ri« tnpiricaljormvlat, optical rotation* and mtUtng poinlt of ih* knovn tcratrum aVatloid* 


JUKI 

twtaticAL ToxifciJij 

tatAJixm 

loxniKi rotVT 

Protoreratrltte^ 

O.S.iOiJf 

[aj; - -8^* (o - 1 99 In 

Diecolore above 270*, 


(«) 

chloroform) (127) 

gradually deoompoMa 
at 273-276 (uncorr ) 
(42) 

I93-I06 (oorr ) melU 

Gtirmerice 

Ci.HiiOuN 

[a|S - +10^ (o - I 99' in 


m 

chloroform) (163) 

with decompoeltion 
(107) 

Softens when heated 

VnttridiiM 

^ ChHuOuN 

[a|S - +8X) (o - 4J) in 

Cmdiae 

(21) 

96% athanol) (34) 

and melts over range 
of 160-180 (24) 

C„H./).N 

WS - +12 6* (o - 1 19 in 

199-201 (24) 

Protoreratridino 

' (172, 2«3) 

Ct^i]0*N 

ethanol) (172) 

266-267 (con* ) Melts 

ProtOTerine 

(45) 

1 

with deoompoelUon 

(198) 

C„H<,Oa^ 

w; - -124) (o - 0 69 in 

No real melting point 

OtrmloQ 

(131) 

pyridine) (131) 

Gradually eoftens to a 
redn between 195 and 
200* (I8I) 

Ct7H4}OiK 

W; - +50* (o - li» in 

Gradually eoltens to 

Ctnririj^ 

, («) 

1 

06% ethanol) (46) | 

1 

resin ^tween about 
163^173 finally melts 
on heating to about 
220 (45) 


Wo - -17^ (0 - 2J4in 

No sharp melting point 


' (24 7« 172) 

[ 

ethanol) (172) 

sinters at 151^160 , 
becomes resinous at 
166-170 , and Is 
melted at 106-200 

^ttbljcnfina 

C„H,rf),N 

lai; - +10J) (o ID in 

(76) 

240-242 (uneorr ) (129) 

Jftrrina 

(1S9) 

ethenoi) (129) 


C„H,rf),N 

(«]? - -I47J> (o - 1JD4 in 

237-238 (uncorr ) (130) 


(130) 

ethanol) (ISO) 



[a|; - -69D (o - 0^ in 

Melts at 204-207“C af 


(13S 133) 

methanol) (183) 

ter preliminary sin 

P>OttdoiervlB® 

CiiHitOiK 

lai; - -181) (c - 0 4 in 

tenng (183) 

804-305Ji (corr) (109) 

VeratrotniQ 

(199) 

ethanol ehlorofonn (100) 


CjiHfiOrN 

WS--53i) (o- 0255 in 

Discoloration and sin 


(132, 133) 

mixture of chloroform and 

tering especially 



05% ethanol equal vol 

above 2^ softens 


1 

1 

umas) (182) 

above 235 , finally be 
comes a colored effer 
Tcscent mass at 242- 
! 243 (132) 


‘Oenneriuo + 1 Hrf) 
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The chemical evideiice suggests that the alkammes protovenne, genmne, 
cevine, jervme, rubijervme and veratraimne are C 17 compounds and are built 
upon a regular or modified sterol structure The analytical data support the 
assumption that the veratrum alkammes are closely related to the alkaloidal 
aglycones of the solanum species as well as to the aglycones of the cardiac glyco- 
sides (44, 46) The structural formulae illustrate the relation between the sug- 
gested nng system of cevme (I) (26, 42, 129, 223), the structure of solamdine (II) 
(46, 201, 213), and the structure of digitoxigenm (III) (79, 194) 


CH, 
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CHs 
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CH, 
/\/ 
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CEz 
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CH^ 
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The possibihty persists that nng B of the alkammes other than rubijemne 
may be 5-membered The heterocyclic portion of the molecule m the tertiary 
bases has been established to be an octahydropyrrocohne derivative (251) The 
nature of the mtrogen contaimng portion of the molecule of jervme and of veratra- 
mme, which are secondary ammes (133), remains to be determined All of the 
oxygen atoms are probably contamed m hydroxyl or keto groups, the position of 
which IB not yet ascertained (46) 

That the chemical structure as formulated m (I) is correct and that the relation 
with solamdme holds has been confirmed by the conversion of sarsasapogenin to 
allosolamdanol-(3/3) by Uhle and Jacobs (251) | 

For a vahd mterpretation of the biological work conducted in the past wi 1 
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veiatium alkaloids it is important to rocogmio that the name veratnne’ usually 
refers to a mixture of alkaloids obtained from Semen SabadiUa (30, 119) and con- 
sisting largely of veratndme, ceradmo, and a small amount of cevme The 
relahvo proportion of the individual alkaloids apparentlj vanes from batch to 
batch and the degree of vanation is unknown The extracts of Veratrum mnde 
or Veralfum album contain a large number of alkaloids, a few of which are 
chenucally known, whde the bulk of the alkaloidal material obtained from these 
plants remains to be separated and identified (see table 2) 

As the habitat of the plant has a marked influence upon the composition of the 
alkaloidal mixture (197, 198, 199, 200, 225, 226, 234) m the vanous parts of the 
plant, it caimot be expected that extracts, obtamed from specimens of the same 
species but grown in different locations should have the same pharmacological 
properties. 


TABLE 2 

7^ alkaUndt < 3 f Jvgotlavicn Veratrum al6um (Poeihhe, t9T) 



toon* ! 

1 umafzs 

1 tXAT >jUU* 

Onaa 

%of tftttl 

OfUU 1 

1 % o( total 

Grua* 

%ot toul 

ToUl ilkaloids 

6 0 

100 

9 17 


4 47 

100 

Protoverttniw) 

1 05t 

17 6 

1 8St 

14 5 

0 54 

12 1 

Oenserine 

0 46t 

7 5 

1 26t 

13 7 

0 8 

m 

Jerrloe 

0 3 

3 3 

0 94 

10 3 

0 03 


HoWjervlne 


3 3 

0 04 




Piendojonrine 



0 6 

0 5 

3 1 ! 

■■ 

Amorphom alkaloids 

4 1 

68 3 

6 0 

54 5 ! 


wM 


• One kflofnim ol diy powder waa u»ed to obtain the yaluee 

t Theao are approximate figures adapted from Poethlce s data on pure protoveratnne 
and tennerine and on mlrturca of the two alkaloids 


It is obvious, therefore, that neither the namo veratnne (usually used for the 
total aDcnloida from SchoenocauUm o^ictrujle)^ nor the name veratrum (usually used 
for extracts containing on unknown number of the total alkaloids from Verainttn 
or Veroirtm tnnde) refer to well-defined preparations of constant composi 
tion. But even m many cases in the past where it was unplied by the author that 
P'lre substances were used for the experimental work, this must be considered 
doubtful unless specific data can be found mdicatmg the identity of the veratrum 
alkaloids 

Toucitt QuAjrnTATiVE and qualitative dutereloes among the 
VERATRuu ALKALOiDB The naturally occurring ester alkaloids of the veratrum 
Croup are more powerful pharmacologicai agents than are the alkammes This 
calls to mind similar pharmacological facts for example, the difference between 

*ThU it the only juatlfiable use of the name Vcmlrinum crystaUleatum purlaslmmn 
«ertk h ttromed to bo covmiiiio 
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the solanaceous ester alkaloids, atropme and scopolamine, and their respective 
alkanunes, tropine and scopme, in regard to their influence upon unpulse trans- 
mission to autonomic effectors, or the difference m the pharmacological action of 
chohne esters and chohne While Falk (64) had already recognized that a con- 
siderable difference m toxicity exists between cevadme and cevme, quantitative 
toxicity experiments with pure alkaloids were made only recently (103, 164, 182) 
(see table 3) Protoveratrme so far has been shown to be the most toxic of the 
veratrum alkaloids The LD 50 m nuce upon mtravenous administration shows 
it to be on a molar basis 10 times more toxic than veratndine and 6000 tunes more 
potent than its own alkamine protoverme 

TABLE 3 


The ioxinly of the veralrum alkaloids {LD 50) in vertebrate animals 


ASmAh 

WAY OF 

AOMINISnUTION 

fiCBCTANCr 

UOL 

P7EICHT 

1C 50 

tint 

EtfCZ 

mgm /kgm 

Mlcro- 
moln 
per kgm. 

Rana esculanta 

Subcutaneous 

Protoveratrme 

761 

4 6 

6 0 

(103) 

Bana esculanta 

Subcutaneous 

Gennenne 

670 

9 0 

13 2 

(103) 

Rana temporana 

Subcutaneous 

Protoveratnne 

761 

13 6 

17 0 

(103) 

Rana temporana 

Subcutaneous 

Gennenne 

679 

20 0 

29 4 

(103) 

Rat 

Oral 

Protoveratnne 

761 

6 0 

6 7 

(103) 

Rat 

Oral 

Gennenne 

679 

30 0 

44 1 

(103) 

Rat 

Subcutaneous 

Protoveratnne 

761 

0 6 

0 8 

(103) 

Rat 

Subcutaneous 

Germenne 

679 

3 7 

6 4 

(103) 

Rat 

Intrapentoneal 

Veratndine 

673 

3 6 

5 2 

(182) 

Rat 

Intrapentoneal 

Cevme 

609 

67 0 

131 0 

(182) 

Mouse 

Intravenous 

Protoveratnne 

761 

0 048 

0 06 

(164) 

Mouse 

Intravenous 

Veratndme 

1 673 

0 42 

0 63 

(161) 

Mouse 

Intravenous 

Cevadme* 

691 

1 0 

1 7 

(163) 

Mouse 

Intravenous 

Jervme 

426 

"9 3 

21 0 

(164) 

Mouse 

Intravenous 

Rubijervme 

413 

70 0 

170 0 

(164) 

Mouse 

Intravenous 

Cevme 

609 

87 0 

170 0 

(164) 

Mouse 

Intravenous 

Germme 

609 

139 0 

274 0 

(164) 

Mouse 

Intravenous 

Protovenne 

626 

194 0 

367 0 

(164) 


* This was the alkaloid of Ikawa et al (113) and may not have been pure 


The alkammes differ considerably m toxicity among themselves, the most 
toxic bemg jervme Chemically, jervme is a secondary amme while the others 
(with the exception of veratramme, which has not been studied) are tertiaiy 
ammes Also, jervme is the strongest levorotatory compound of the alkamme 
group so far mvestigated Cevme is distmctly more effective than its isomer 
germme 

Apart from and mdependent of the ^nume toxicity of the alkammes, the toxic- 
ity of the ester alkaloids obviouslyis dependent upon the number of acyl 
m the molecule as well as upon the nature and probably also the position o 0 
mdividual acyl groups This can be concluded from the limited and maccura 
toxicity studies on vertebrate animals reported m the hterature (table 4) 
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It follows from the data of Heinz (109) (see table 4) that the introduction of an 
acetyl group and still more of a benzoyl group into the molecule of cevadine d&- 
creases notably toxicity m frogs os well aa m rabbits Dibenroyl cevmc la still 
wealcer in effect than benioyl ce\ adine Haas* observations (103) on rata (tables 
3 and 4) with suboutaneous injections of germenno, protoveratndine and genmne 
Indicate clearly that the removal of the methyl-ethyl glycohc acid from geimenne 
reduces toxicity to and proto\eratndine, the methyl-ethyl acetic acid ester 


TABLE 4 

rie toxicity of the veraimm alkaloidt {approTtmate lethal do$a) in vertebrate animale* 




1 LXtXAL Dont 


Etna 1 



msa /Vfm 1 



Protoveratrlne 

0 2 

6 0 

(266) 

Bana 

Cevadine 

0 05 

1 6 

(109) 

Kaos 

Cevadlna (Sulfate^) 


7 0 

(196) 

Kana eieul and temp 

Cevadine 

0 6-10 

15 0-30 0 

(166) 

Rana 

Aoetyl Cevadine Hydro- 
chloride 

1 0 

30 0 

(109) 

Rana 

Benioyl Cevadme 

>10 0 

>300 0 


Rana 

Dibenioyl Cevine Acetate 

20 0 

600 0 

(109) 

Rmescul 

Protoveratridlne 

1 

>760 0 

(103) 

Ri&aescul 

Qermina 


; 350 tyioo 0 

(103) 

Ooinea pig 

Cevadine 

0 6 

1 

(109) 

Rabbit 

Protoveratrioe 


0 u 

(256) 

RabUt 

Cevadine 

1 0 

0 6 

(109) 

Rabbit 

Cevadine 

2 7-4 3 

1 3 

(166) 

HibliH 

Acetyl Cevadine Hydro 
chloride 

60 0 

25 0 

(109) 

RabUt 

lUl 

B»4 

Dibenzoyl Cevine Acetate 
Protoveratridlne 

Qermloe 

>100 0| 

>60 0 
>1000 0 
2000 0 

(109) 

(103) 

(103) 


t Tkl*** mentioDed the doeagea refer to the base and not to the aalt 

, y ~ ^ boldface figures for lethal dooe in mgm Agru. were those actually reported The 
calculated from tho reported values for the whole animal to get aa approxi 
te dose per kgm for the frog by multiplying by 30 assuming an average wel^t of 
per frog for the rabbit by dividing by 3 assuming an average weight of 3 kgm 

per rabbit, 

I Thla dote caused only sli^t depresilon of tbs central nervous system 


IB but little more tfiTTn tban t.bff nlkftmm ft gprminfl itself Expcrimcnta 
® ^tisca Domcsltca L. (119) show veratridine to be a more potent inseclicide 
cevadme, whfle cetane dibenxoato and cevine have no insecticidal action. 
marked quahtative differences between the effects of the individual vera 
tdmi ^ illustrated by tho observations on mice that died after the 

under the same conditions of an intravenous dose close to tho LD 
' ) (sec table 3) The results with two ester alkaloids and fit o alkamines 

^ as follott-B 
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ProtovercUnne (relative LD 60 = 1) For a period of 90 seconds after the injection no 
signs of poisoning could be recognized A period of flaccid paralysis then followed sno 
ceeded in some cases by irregular respiration, in others by convulsions Death occurred 
within 2 to 4 minutes 

Veratndxne (LD 60 relative to protoveratrme «» 10) Immediately after the injection 
respiration was decreased in rate and markedly disturbed in rhjfthm Death occurred 
with signs of respiratory failure within 1 to 4 minutes In some cases convulsions preceded 
death 

Jervtne (relative LD 60 •= 360) After a latent period of 30 seconds, no appreciable 
sign of poiBomng was noticed, marked motor excitation then started, leadmg to repeated 
convulsive seizures Death occurred in a convulsive attack within 10 minutes 

Rubijerotne (relative LD 60 => 3000) Immediately after the injection there was either 
mild motor excitation or a decrease in motor activity In some animals there was respira 
tory depression, in others, the outstanding symptoms were fits of tremor or convulsive 
seizures Death occurred withm 30 seconds to 2 nunutes in a convulsive attack or tinder 
the signs of respiratory failure 

Cevtne (relative LD 60 =• 3000) Tremor and convulsive movements started immedi 
ately after the injection Within a few nunuteS the tremor became contmuous, the animals 
lay prone, with legs and tail extended There was a very marked increase in motor excit- 
abibty to touch and especially to sharp, high-frequency noises Animals showing these 
signs died as a rule within 30 to 180 minutes A few animals had moderately severe convul- 
sive seizures and a slow and labored respiration starting immediately after the injection 
These animals died within two nunutes 

Germtne (relative LD 60 = 4600) Within a few seconds after the mjection the animals 
began jumping about and had convulsive seizures Within 1 to 3 nunutes they became 
unable to stand, lay on their sides and bad continuous, severe convulsions Breathing was 
slow and irregular Death occurred within 1 to 3 minutes 

Protovenne (relative LD 50 = 6000) After a latent period of about 30 seconds there 
were brief fits of coarse tremor, especially of the head In most animals, death occurred 
about 6 nunutes after the inj ection f oUowmg a brief period of convulsive movements Some 
ATumals had severe jerking movements, their respiration became slow and gaspmg, they 
died withm 1 to 3 minutes 

Other quantitative and quahtative differences among the alkaloids will be re- 
ferred to m connection with the discussion of their effect upon the vanous physio- 
logical S 3 rstems 

III The ABSORPTION, DISTRIBUTION AND ELIMINATION OP THE -VERATRUM 
ALKALOIDS No adequate quantitative data are available on the absorption of 
the veratrum alkaloids from the mucosa of the mtestmal tract or from other sites 
of apphcation to the mammahan orgamsm The experiments of Haas (103) on 
rats (see t^ble 3) with oral and subcutaneous a dminis tration of protoveratrme 
and germerme mdicate that approximately 90 per cent of the oral LD 60 becomes 
mactivated m some way during the passage from the mtestmal tract to the sites of 
action responsible for the lethal effect, as the subcutaneous LD 50 of both alka 
loids is only | of the oral dose 

The distnbution of the alkaloids m the intact amnml organism has not been 
studied In the isolated heart of a marme snail, Aplysia limaana, L ^ 
take up relatively huge amounts of veratrme without bemg killed, Straub (^. 
244) mvestigated the distnbution between blood and heart tissue He 
the heart to varymg concentrations of veratrme m the blood and detennm 
final concentration m blood and heart by a comparison of the relative toxicity 
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frogs of blood and of extracts of the heart tissue Straub concluded that a consid- 
erable accumulation of veratnne occurs readily m the heart muscle tissue. 
Equilibria are reached ^nth low concentrations m the blood and high concentra 
tions in the heart tissue. With increasing concentrations in the blood, the ratio 
of tissue concentration to blood concentration decreases Veratnne can bo 
washed out of the muscle tissue of the Aplysia heart. According to Freimdlich 
(77), Straub’s data indicate that veratnne is adsorbed to the cell surfaces 
Straub could not recognize any destruction of veratrine, olthou^ the alkaloid 
miituro was kept for 2 to 4 days m the tissue of the Aplj^ heart 
The fate of the veratrum alkaloids in the mammalian organism is unknown 
except for the scant evidence that a small fraction appears to be excreted by the 
kidney (202, 249), and by some of the excretory organs of the gastro-intestinal 
tract (118) 

IV The action op the TERTATKUM alkaloids upon the IlEBPIEATORr 
STBTEii, In the normal as well as m the anesthetized mnmnml all pure ester 
alkaloids of the veratrum series so far studied cause a decrease m the rate of res- 
piration On the other hand, some of the veratrum alkamines even in large 
doees appear to be devoid of this property (164, 182) 

The smallest active doeea of the ester alkaloids, cevadme (109, 1G6), veratn 
dmo (182, 190), gcrmenne (103) and protoveratrine (164, 260) bnng about a 
transient slowing of respiration, larger doeee lead to reapiratory stoppage increas- 
ing m length proportjonal to the dose Qualitatively and quantatatively the 
respiratory effects of cevadlne, germenne and veratndme appear to bo similar 
In a largo measure the respiratory arrest contributes to the lethal effect of fatal 
amounts 

Tho minimal doses effective upon respiration are somewhat hl^er than the 
m inim a l doeee influencing the circulatory ajTrtem (section V, A and B) In the 
anesthetized dog (sodium pentobarbital) (190) no respiratory effect or occasion 
ally a alight mcrease In respiratory rate is observed with tho minimal doses of 
veratndme leadmg to a mgnificaut cardiodecderation, or vasodilatation. With 
protoveratrine this difference is ve r y pronounced Doses which in the dog imder 
P^tobarbital anesthesia cause marked cardiodeceleration and vasodilatation are 
Without apparent respiratory action (164) The mechanism involved m tho 
respiratory response to small doses appears to differ from that brought into action 
l^rge doses This la indicated by tho experiments showing the rdlo of tho 
^gus nerves 


Atropine sulfate m doses of 1 mgm per kilo in anesthetized dogs does not 
modify Si gni fica n tly the respiratory action of cardiodecelerator and depressor 
aoeea of veratndine. Vagotomy almost completdy abolishes or prevents the 
*^iratoiy action (190) After vagotomy larger doses, especially those desig 
Dated in section V, D as pressor and cardioaccelerator doses, still cause respiratory 
»nest (190) 

The experiments of von Bezold and BQrt (18) with veratnne and of Cramer (47) 
veratrum \'inde make it obvious that part of the respiratory response is 
m nature, while part appears to be duo to central action The reflex action 
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can be demonstrated with small doses and m its full strength is diflBcult to obtain 
repeatedly, as the receptor mechanism appears to become readily irresponsive 
After this, doses larger than the minimal effective doses can be mjected without 
effect, while further mcrease m dosage again leads to respiratory depression 
which seems to be mdependent of the functionmg of the vagus nerves 

Receptor areas for the inhibitory respiratory reflex are m areas served by the 
vagus nerves and probably are located m the viscera of the chest Exclusion of 
the depressor nerves m the rabbit does not abolish the response, while cuttmgthe 
vagus nerves prevents the reflex respiratory action even when the depressor 
nerves are left mtact (18) Similarly, cold block of the vagus m the cat (139) 
prevents the reflex respiratory effect as well as the vasodepressor effect of vera- 
trme, while both promptly appear when conduction of the vagus nerves is re- 
stored by warmmg 

No comprehensive and comparative study of the respiratory action of the pure 
veratrum alkaloids has been earned out so far The sites of action are not defi- 
mtely established While it is unlikely that the doses leading to the reflex stop- 
page of respiration have a direct effect upon the striated muscles of the respiratory 
apparatus, this possibflity exists with doses leadmg to death under the symptoms 
of respiratory failure Evidence is lackmg, however, as to whether the mtercostal 
muscles and the diaphragm, or their nerves are directly mvolved m the fatal 
respiratory disturbance 

V The action op the veratrum alkaloids upon the circulatort sys- 
tem The studies on the circulatory action of the veratrum alkaloids m mam- 
mals have been concerned mamly with changes m blood pressure and heart rate 
m the mtact animal and with effects upon the isolated heart On the basis of the 
available evidence a complete analysis of the very complex circulatory changes is 
not yet possible 

It will facihtate the understandmg of the mechanisms mvolved m the action 
upon blood pressure and heart rate if three at present clearly distmguishable 
effects are discussed m detail They are first, the depressor effect, second, the 
cardiodecelerator effect, and third, the pressor and cardioaccelerator effect The 
first and second as descnbed m the followmg chapters can clearly be recognized if 
HTnp.l] doses of the veratrum alkaloids are used, they are not demonstrable unless 
the vagal mechanism is mtact The third, on the other hand, can best be ob- 
served if the veratrum alkaloids are administered m large doses and if the vagus 
is partially blocked by givmg atropme, or if the vagus nerves are completely mter- 
rupted, as for instance by cold block or by sevenng the nerves m the neck 

A The Depressor Effect of Small Doses of the Veratrum Alkaloids 1 Blood 
pressure decrease and vasodilatation A transient decrease of blood pressure can 
be observed m mammals (man, dog, cat, rabbit) not only with veratnne, the 
alkaloid mixture from Schoenocaulon officinale (18, 138, 139), and with the alka- 
loid mixtures from Veratrum mride (47, 174, 196, 269, 261), Veratrum album 
39), and other Veratrum species (104), but also with the pure ester alkaloi , 
cevadme (166, 196), veratndme (182, 190), protoveratrme (154, 266), and 
germerme (103) 
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The active doeage range m dogs of 16 to 20 kgm body wei^t anesthetised 
with aodhim pentobarbital is 0 02 to 0 1 mgm. voratridme (190) or 0 1 to 0 05 
mgm. protoveratnne (164) injected intravenously close to the nght atnum. 
Within this range the fall of blood pressure is proportional to the dose. An effect 
comparable to that of the highest dose of vcratndme or protoveratrine can be 
obtained with the alkamme jervine on the basis of Wood’a experiments m dogs 
(260) if doses of the order of 200 mgm. are injected mtravcnously None of the 
other alkaminea has been tned in such large doses Cevine laclffl the character 
istic depressor property even in amounta up to 2000 times the minimal effective 
dose of its ester alkaloid, veratridine (182, 100) 

The hlood pressure decreasing action charactenstio of the veratrum alkaloids is 
illustrated by the studies in dogs with the dosage range of veratndine (160) end 
protoveratrine (164) mentioned above Provided nothing mterferee with the 
normal influence of the vagus nerves upon the circulatory system, there is, after 
the intravenous mjection of veratndine close to the n^t ntnum, a latent penod 
of 4 to 12 seconds (average 7 8 sec m 8 expta ), mean carotid pressure then falls 
abruptly, reaches a mmimum withm 30 seconds, and withm 2 to 3 minutes re- 
turns to the level of the control penod or eli^tly lees With protoveratnne the 
hlood pressure fall is less abrupt, the mmimu m is reached within 1 to 3 minutes 
^d the return to a levd usually below the normal requires 10 to 30 mmutes 

This decrease m blood pressure, as a rule, w accompanied by a decrease m heart 
rate and, especially after veratridine, by a decrease in rate and arophtude of respi 
ration (section IV) The cardiodecelerator as well as the respiratory response, 
if Intense enough, contnbute to the action upon the mean blood pressure How 
6ver, artificial respiratlou (18, 164, 190, 196) which prevents the consequences of 
tbe respiratory effect, does not modify mgmficantly the blood pressure response 
to veratrum alkaloids The experiments referred to below on the influence of 
^tropme, or of severing of the vagi, upon the depressor effect, show that under 
conditions where there is httle or no effect upon heart rate or respiration, de- 
Prassor action can still be induced by the veratrum alkaloids Positive evidence 
of the independence of the depressor action from cardiodecderator and from 
raspiratory action is derived from the expenmenta of Krayer, Wood and Montes 
(1B6) on the innervated heart lung preparation of the dog In some of these ex 
pauuents the head was perfused at a constant rate by means of a pump Only 
nervoufl connections existed behseen the head circulation and the artificially 
J^tflated heart-lung preparaUon. Admimstralion of veratridine into the hcart- 
ljiDg*circuitledtoadecreaseui blood pressure in thehead circulation (see ref 166, 

fi8.4A) 

Theac experiments demonstrate that a dimmution of arterial resistance Is 
ravolved m the blood pressure decrease caused by veratndine Similarly plelhys 
raographic studies show an mcrease in the volume of various porta of the m am 
°^^ban organism coincident with the fall of blood pressure caused by the mtravc- 
mjection of \ oratrine (139) or of veratrum vinde (47, 259) Such moreases 
m the capamty of the vascular bed have been observed in the liver (139), mtea- 
wao (47) and kidney (47) of the cat, and in the hind leg and— although less con 
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sistently the spleen of the dog (259) This indirect evidence for vasodilata- 
tion has recently been substantiated by more direct observations The retinal 
artenoles of patients receivmg veratrum vinde dilate durmg the blood pressure 
fall (259) Direct quantitative measurements of blood flow m the femoral arteries 
of anesthetized dogs by means of a differential manometer show a marked abso- 
lute mcrease m blood flow durmg the blood pressure decrease caused by the 
mtravenous mjection of veratndme (190) or protoveratrme (154) 

While vasodilatation has been demonstrated m various areas of the circulatory 
system of the mammal no direct quantitative measurements of alterations in 
blood flow have so far been made simultaneously m several areas It is not 
known what quantitative changes m the distribution of blood, m venous return, 
and m cardiac output result from graded doses of any one of the pure veratrum 
alkaloids 

2 The nature of the vasodilator response Durmg the blood pressure decrease 
the motor elements of the vessel wall, quahtatively at least, react like those of 
normal vessels to vasoconstnctor drugs (47) and to physiological constnctor 
stimuh (47, 139, 174) Thus mjection of pitmtary extract or epmephnne leads 
to a prompt nse m blood pressure, and asphyxiation leads to a reduction m the 
mcreased hver volume comcident with the blood pressure mcrease (139) 

To decide the question whether the veratrum alkaloids have a direct effect 
upon the vessel wall or exert all them influence via the nervous system, Krayer 
and his collaborators (154, 190) earned out perfusion experiments m dogs with 
veratnne, veratndme, and protoveratrme One hmd leg of a ‘ 'recipient dog” was 
perfused from a “donor dog” by connectmg one carotid artery of the “donor” 
with the femoral artery of the “recipient” and retummg the blood from the 
femoral vem of the “recipient dog” to an external jugular vem of the “donor dog ” 
All the remaimng vascular connections between the perfused leg and the trunk of 
the “recipient dog” (mth the exception of bone and nerve vessels) were inter- 
rupted by means of an ecraseur lea%nng mtact the nerve connections via the mom 
trunks of the mixed nerves Contmuous blood flow measurements were recorded 
simultaneously from both femoral beds of the “recipient dog ” The mtravenous 
mjection of the alkaloids mto the “recipient dog” outside the perfused leg resulted 
in a characteristic increase m blood flow' m the leg perfused from the “donor dog” 
as well as m the leg which was in normal a ascular and nervous connection with the 
trunk of the “recipient dog ” On the other hand, no response could be obtamed 
by mjections of the alkaloids mto the arterial blood supply from the “donor dog 
to the perfused leg of the “recipient dog ” The dosage range of veratndme was 

0 01 mgm to 0 5 mgm leadmg to concentrations of from 1 150,000 to 1 3000 
durmg the mtra-artenal mjection With protoveratrme the doses ranged be- 
tween 0 015 mgm and 0 075 mgm leadmg with the lowest dose to approximately 

1 100,000, with the highest dose to 1 25,000 m the arterj' Thus doses leading 
to concentrations which rmght conceivably arrive at the entrance of the femo 
vascular bed foUowmg the mtravenous mjection as well as doses many times 
higher proved meffective upon direct mtra-artenal admmistration 

Perfusion experiments on isolated vascular beds, undertaken to study the ec 
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action of the veratnim alkaloids upon the vessels, have not yielded consifitent 
results regarding the vasodilator effect. In the Trendelenburg preparation of the 
frog a slight increase in perfusion rate was observed (151) with concentrations 
below 1 100,000, higher concentrations reduced the flow In the hind legs of 
mice and rats or in the rabbit ear perfused with Rmgcr solution the minimal 
active concentrations of 1 200,000 or above caused only constnction of the 
vessels. WiDson and Smith (250), however, observed increase in perfusion rate 
of the isolated kidney, ear, or hind leg of the rabbit perfused with Ringer solution 
when veratrone — a mixture of alkaloids of Veralrum vindc — was injected The 
effect was more consistoit when the rate of flow was reduced by the previous 
administration of epmephnne These experiments on isolated vascular beds 
need corroboration with pure veratrum alkaloids 

The perfusion expenments in the innervated femoral bed of dogs 3Ufltify the 
ccmcluBion that the vasodilator action of imnall doses of veratrum alkaloids cannot 
be explained by a direct influence upon the vessel wall The acUon is transmitted 
to the motor effectors of the vessels predominantly, if not altogether by way of 
nervous pathways reaching the femoral vascular bed through the mixed nerves of 
the leg. The nature of the nerve fibers mvolved m the reacbon has not been 
identified. 

3 T?ic rdle of the eeniral nervous eyttem The r^le of the central nervous system 
m the vasodepressor response to small doses of veratrum alkaloids is not enbrely 
clarified There is no conclusive evidence of a direct inhibitory action upon 
the vasomotor center Doses of veratnn© hydrochloride below 2 micrograms 
placed into the fourth ventricle of the cat are without any effect, while 2 to 6 
micrograms cause mcrease m blood pressure and nccelerabon of heart rate The 
injection into the vertebral artery of the cat of doses of 10 to 20 micrograms 
of veratnne hydrochloride is either without effect or is followed by a slight nse 
in blood pressure and increase m heart rata "When injected mto the jugular vein 
fhese doses have a dislmct vasodepressor and cordiodecclerator aobon (209) 
These experiments support the assumption, first put forward by von Beiold and 
Hirt, that the vasodepressor response to small doses of ^ cratrum alkaloids la not 
central but reflex. TTus is borne out by the studies on the afferent pathways and 
receptor areas involved in the vasodepressor response 

4 The rdic of the vagus The blocking of cholinergic muscanmc effects bj 
atropine in the cat (47, 139) and m the dog (174, lOO) docs not prevent the fall m 
blood pressure caused by veratrum vindo (47, 174), veratnne (130) or vemtndmc 
(190) In the experiments of Moo, Bassett and Kraycr (190) m dogs 1 ragm per 
i^pn of atropme sulfate largely abolished bradycardia and had no effect upon the 
respiratory response, morease in femoral arterial flow still occurred and blood 
pressure fell although not qiute as low ns in control observations 

Intemipbon of the conductivity of the vagus nerve bj cutting or cooling has a 
more pronoimced effect than atropmlcation Veratrum vindc was found to be 
inacbve m the cat after cutting the vagus nerves (47) Cold block of the ^'agus 
nerves prevented tho blood preeeuro fall after veratnno in the cat (except after the 
first injections m some expenments) while the drop m pressure promptly occurred 
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when conduction was restored by wamung the nerves (139) Conversely, after 
veratnne had established blood pressure decrease and increase in liver volume in 
the cat, cold block of the vagus umnediately raised the blood pressure and caused 
a reduction of the hver volume Vagotomy below the heart did not prevent the 
vasodepressor response m the cat (139) 

While mterruption of the conductivity of the vagus m the neck markedly inter- 
feres with the vasodepressor effect, it does not abolish it In MacNider’s expen- 
ments (174) with veratrum vinde m the dog, the blood pressure did not fall to the 
same extent after vagotomy as before In seven out of ten experiments m dogs, 
Moe, Bassett and I&ayer (190) found the depressPr response to veratndine mark- 
edly d iminis hed by vagotomy but not abolished altogether m any case This 
' occurred m spite of the fact that m the majonty of the experiments bradycardia 
and respiratory effects were either completely or almost completely prevented 
In three experiments of this senes the relative vasodilator effect in the femoral 
artenes was as marked as before vagotomy Areas not served by the vagus must 
therefore contnbute to the vasodepressor action 

5 Non vagal afferent pathways If veratnne was administered mto the circmt 
of the carotid smus area of the dog, extenonzed accordmg to Heymans (114), 
decrease of blood pressure and bradycardia occurred m the dog Occlusion with 
lycopodium of the vessels of the glomus caroticum prevented both effects (139) 
In the rabbit von Bezold and Bhrt (18) could not abolish the depressor response 
to veratnne by cuttmg the depressor nerves, whereas the response was absent 
when the vagus nerves were cut and the depressor nerves left unimpaired While 
the carotid smus nerves carry afferent fibers for the vasodepressor reflex, the 
depressor nerves presumably do not contnbute to the reaction 

6 The receptor areas located m the heart and lungs In order to demonstrate 
that a veratrum alkaloid confined to the heart and lungs can by a nervous mech- 
anism cause the characteristic action m a distant vascular bed, Krayer, Wood and 
Montes (166) used the innervated heart-lung preparation of the dog The head 
was perfused with a pump at a constant rate No vascular but only nervous 
connections existed between the head-circmt and the heart-lung-cucmt Placing 
veratndme mto the heart-limg-circmt caused a decrease m blood pressure m the 
head-circuit 


Jansch and Richter (140) attempted to localize more precisely the receptor 
areas m the heart and lungs from which vasodepressor effects can be ehcited 
They systematically mterrupted various sections of the nerve supply of the heart 


and lungs of the cat and tested whether blood pressure decrease with veratnne 
could BtiU be obtamed They either cut the nerve branches or, m the immediate 
vicmity of the epicardium, destroyed the nerve tissue, or mterrupted its conduc- 
tivity by the apphcation of local anesthetics or nerve poisons (procame, phenol or 
veratnne) to special areas of the surface of the heart Afferent pathways for the 
depressor response were not found m the sympathetic nerves, or m the aortic 
nerves, but exclusively m the vagi While there were contnbutory afferent fibers 
commg from the lungs (208), the veratnne depressor response ongmated p^ 
dommantly m the heart The pathways mamly run m those branches of the 
cardiac nerves not carrymg efferent inhibitory fibers Afferent fibers commg 
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frran the region of the vantndes were found to be of great Importance for the 
orcuhtoiy reflex. These observations appear to resolve the disagreement bc- 
tircen von BezoJd and Hirt (18) who assumed that the impulses came from the 
btnrt only, and Cramer (47) who suggested that the lungs were their exclusive 
trpn. 

7 Tadtfpkylaxu Veiatndme in the intact dog may bo mjeoted repeatedly 
with httle or no dimmution of depressor, or vasodilator responses, provided the 
doses are near the minimal effective dose, if larger doses are used, the effect of 
subsequent doses becomes leas or may even be absent Protoveratnne, unlike 
veiBtndine, leads to marked weakening of the response even with the smallest 
effective doses (164, 190) Acoordmg to Jnrisoh and Richter (140), the depressor 
reflex ongmating in the heart of the cat is less subject to tachyphylaxis than oir 
eulstoiy reflexes from other receptor areas. 

8. Summary The evidence presented pomta to the following concIusionB 
The medanism mainly operative in the vasodepressor response of the mamma 
Ean organism to small doses of veratrum alkalmds is a vasodilatation of reflex 
nature. Most of the afferent pathways of the reflex run m the vagus nerves, 
none apparently m the aortic nerves and in the sympathetic outflow of the auto- 
nanlo nervous system As, m the dog at least, vagal section m most cases re- 
duces the magmtude of the response without abohshmg it, areas not served by 
<he vagus must contribute to the effect, the glomus caroticum appears to bo one 
rf these. According to Jansch the most important receptor area for the reflex 
b m the heart, as von Resold and Hirt suggested The eiidence fortheientncu 
br ongm of an Important section of afferent fibers needs corroborabon While 
fl'cre are receptor areas also m the lungs, they nre not the exchisii o ongm of the 
seflci, S3 Cramer assumed 

B The Cardtodaxkrtttor Effect <ff Smatt Dosee iff the Veratrum AlhaUndt Small 
toes of the veratrum alkaloids, which upon mtravenous mjection m the mammal 
lead to the reflex vasodepressor action described m the previous chapter, as a rule 
reuse a decrease m heart rate. Withm the dosage range stated abov o for veratn- 
snd protovera trine in the dog the mtenaty of the bradycardia is proportional 
io ihe dose. There are considerable differences between the tw o alkaloids regard 
“B the tune-characteristics of their cardiodecclerntor action When injection is 
“tsda into or close to the entrance of the nidit atnum veratndine bradycardia 
(190) begms after a latent penod of n few seconds, reaches its maximal mtensity 
*’“'0' 30 seconds, and lasts up to five minutes After protoveratrino the latent 
PWod lasts between 40 and 120 seconds, bradycardia develops gradually, the 
™®unal heart rate is reached withm one to three nunutes, and the duration of 
** '®®d*nds over ten to thirty minutes or more (184) 

1 Central perm reflex nature o/ the canhodeederator effect. It has long been 
tiwn that vagotomy abolishes or prevents tho cardiodecelemtor effect and that 
*“®ttfl*tmtion of large doses of atropmo greatly reduces tho effect. While 
^®nie of the investigators explain the lowering of tho heart rate as duo to central 
stlmulatioa (18, lie, 100), othcre consider it to bo ramnl} tho result of a 
''^vagal atimuiaUon (47, 139, 209) 

no apparent discrepancy in regard to Oie central versus reflex naturo of the 
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cardiodecelerator effect has been largely resolved by the experiments of Kn 
Wood and Montes (155) with veratrme and veratnine, and of Krayer, Moe 
Mendez (154) with protoveratrme The innervated heart-lung preparatic 
the dog was arranged m these experiments m such a way that the head circuit 
was separated completely from the heart circulation and there were only ner 
connections between the two circmts Doses of five Tmp.rngr n.Tnfi of veratndu 
protoveratrme m]ected mto the heart-lung-circuit (total blood volume app: 
mately 800 cc ) caused a decrease m heart rate of about 50 per cent, which did 
occur when the vagi were cut (In the ordinary heart-lung preparation dosi 
this order are w;ithout effect upon heart rate ) Upon mjection mto the cepl 
circulation, doses of 10 to 70 micrograms of veratndme or 10 to 30 microgran 
protoveratrme also resulted m cardiac slowmg, which, as was shown m ex] 
ments with veratndme, could stdl be obtamed after denervation of the car 
smus, although the effect appeared to be less m mtensity The alkamme ce 
given m doses of up to approximately 2 mgm into the heart-lung-circuit, or 
the head-crrcmt, did not affect the heart rate 

Jansch and Richter (139) report that marked bradycardia could be ehcite 
the dog, at least with the first doses, when veratrme ivas placed mto the isoli 
carotid smus perfused accordmg to Heymans (114) 

Provided there are no other receptor areas m the head region of the innerve 
heart-lung preparation after denervation of the carotid smus, it must be assui 
on the basis of these experiments that the carodiodecelerator action of the v 
trum alkaloids m the mammal is caused m part by reflex and m ptrt by cen 
vagal stimulation 

It has been suggested (139) that a reflex inhibition of accelerator impulses r 
contnbute to the cardiodecelerator action m the mtact animal This wo 
explam the much greater difficulty of preventmg the bradycardia of small dc 
of the veratrum alkaloids by atropme as compared to complete mterruptioi 
afferent as well as efferent vagal fibers, but defimte proof for this assumptioi 
lackmg 

2 Qualitative difference between veraindine and protoverainne In the ini 
vated heart-lung preparation, as m the mtact animal, a difference is apparenl 
the time-charactenstics of the cardiodecelerator response when the effect 
veratndme is compared with that of protoveratrme This is noticeable when i 
alkaloids are administered mto the heart-lung-circuit as well as when they j 
mjected mto the head circulation The slowness of the development of maxir 
bradycardia is particularly stnkmg when protoveratrme is mjected mto i 
cephahe circuit 

3 'ffachyphylaxis The reflex decrease m heart rate onginatmg m recepi 
areas of the heart and lungs and of the carotid smus cannot be obtamed repeatec 
with the veratrum alkaloids unless doses are used close to the minimal effecti 
dose (47, 139, 154, 155, 190) Larger mitial doses dimmish or may altogett 
prevent the response to a subsequent dose In case of veratndme it has 
shown that this must be due mamly to a change m the receptor mechanism, 
cephalic administration m the innervated heart-lung preparation still leads 
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eaidiodecslomtion, when the injection into the heart-lung-circuit is no longer 
effective. The central action on the other hand does not appear to be weakened 
u readily 

C The BezoU Effect As has been shown in section V, A and B, the reBe.'c 
vefodilatation and cardiodecelemtion caused by the v eratrum alkaloids originates 
prdomiiianUy in the viscera of the chest According to Jansch and Richter 
the meet important part of the impulses for the v asodepresaor reflex come from 
the myocardium of the \ cntncles and are earned atolusively by afferent fibers 
of the vagus nerves. For this reflex of cardiac ongm they (138) propcee the 
nsme Beidd effect, because it was A. von Resold who explained by such a 
reflex mechanism the vasodepressor action of veratnne, which he discovered in 
1887 

Von Beiold end Hirt considered the possibihty that the effect of the veratnim 
•Ikalolda might be due to a change in sensitivity of pressoreceptor enchngs to 
their adequate stlmuh. The receptors might bo apecifio chemoreceptors, how 
ever, and biochemicnl changes might lead to an increased discharge of the recep- 
tors It is of Interest in this connection that the verotrum alkaloids are not the 
only substances capable of chciting the Besold effect According to Jarlsch and 
his coUaboratore (137, 142), other substances, especially active principles of 
Fueum oJium, L,, also reveal apparently the same ciroulatory reflex. 

As far ns the veratnim alkaloids are concerned, it has been pointed out above 
that thoester nature appears to be essential for the reaction, and that the mcoha 
tnam by which the esteralkaloids act is subject to tachyphyla-vis Following the 
wocept of Bacq (11) (section VI, L) Jansch (135) put forward the hypothesis 
that the receptors m the heart responsible for the Beiold effect are sensitited by 
the veratnim alkaloids to the inflocncs of potassium ions released dunng the 
activity of the heart muscle Amann and Jansch (8) present evidence that in 
cats the mtmvcnouB injection of otherwise meffective doses of potassium ion 
causes mrculatorj effects similar to the Beiold effect after the animals have been 
given severai doses of 0 05 to 0 1 mgm of vemtnne hydrochlonde The vnsode- 
Pisnor and vasodilator effect can be abolished or prevented b> cold block of the 
tsgus and can no longer be ehclted after local anesthesia of the epicardium by 
I®**iDe. Similar effects are obtamed with banum ion and rubidium lou, aa 
"ril as with substances like sodium citrate and sodium oxalate, which shift the 
P^^taraium-calcium ratio m favor of tho potassmm ion Conversely injection of 
t>teum salts has an ontagonisbo effect. 

Extensive corroborative evndence is required to establish tho concept of the 
^rid effect, especially ns Jansch (135, 138) is inclined to asenbe to it a con 
®v®ahle importance in tho control of tho distribution of the blood m the mam 
^''•han circulatory system under phymologicsl and pathological conditions It 
be emphasued that it is a complicated task to sejiarate exjjcnmentally 
^bsmo- and pressoreceptor areas in the myocardium of tho ventricles from those 
^bindy rccogniied in the largo v or attached to them, and this task cannot 
'^•“^‘iered to have been satisfactonlj accomplished 

Pressor and Cardioaecelerator Effect of the Veralrum Alhtlotds The 
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intravenous injection of more than 0 1 mgm of veratndme in dogs of 15 to 20 
kgm causes a blood pressure fall to very low levels and the pressure may fail to 
recover (190) After doses of protoveratrme of the same order there is usually a 
secondary mcrease in blood pressure above the normal level (154, 256) 

1 The simulated vagus block caused by protoveratrme As Watts Eden (256) 
already observed, protoveratrme leads to a temporary decrease or abohtion of the 
normal response to electrical stimulation of the peripheral end of the severed 
vagus nerve Doses of 0 1 to 0 3 mgm of protoveratrme (144) mjected mto dogs 
of 15- to 20 kgm cause a complete abohtion of the response, and recovery is still 
mcomplete after three hours The electrocardiographic analysis reveals that 
dunng vagal stimulation the normal pacemaker is depressed and an ectopic 
rhythm below the A V node is established Rothberger and Wmterberg (222) 
observed this phenomenon with several substances In contrast to the action of 
atropme this effect of protoveratrme is exerted on the automatic properties of the 
myocardium rather than on either the vagus nerves or the mechamsm of humoral 
transmission Veratndme m doses of 0 1 to 0 2 mgm lacks this action The 
action of protoveratrme m causmg a simulated vagal block may explam m part 
the weakenmg at least of the cardiodecelerator response when repeated doses are 
given 

2 The timc-charactenstics of the pressor and cardioaccelerator effect After 
vagotomy doses of veratndme between 0 1 and 0 5 mgm m the dog stdl cause a 
blood pressure decrease, but thus becomes less as the dose increases Doses be- 
tween 0 6 and 1 0 mgm after vagotomy, as well as after blockmg of the vagus 
with atropme, cause an mcrease m carotid pressure up to 50 mm Hg or more 
The pressure begins to rise withm 15 to 30 seconds after the mtravenous mjection 
close to the nght atnum, reaches the maximum withm one to three and one half 
mmutes, and gradually returns to normal withm six to twelve mmutes The 
heart rate always mcreases as the pressure rises, and rates can be reached as high 
as 255 per mmute from an imtial rate of 162 A similar hypertension and 
tachycardia results from doses of 0 1 to 1 0 mgm of protoveratrme after the vagus 
has been cut, or after imtial doses of the alkaloid have caused a simulated vagal 
block Unlike the ester alkaloids the alkamme cevme even m doses of 40 mgm 
does not have any characteristic vasopressor or cardioaccelerator action 

3 The vasoconstrictor response Comcident with the mcrease m blood pressure 
caused by the ester alkaloids, veratndme or protoveratrme (154, 190), the blood 
flow m the femoral artenes mcreases However, this is followed by a 

of flow at the height of the blood pressure response, and throughout the blood 
pressure change the ratio of pressure to flow is mcreased, sometunes more thw 
doubled, suggestmg actual constnction Vasoconstnction occurs m the acuW 
denervated hmb and denervated femoral artery as well as m the innervated limb 
At least two factors may therefore partake m this vasopressor response 1, vaso- 
constnction by local action of the veratrum alkaloids upon the vessel wall, or 
vasoconstnction by substances (like epmephrme) released by the veratruma 
loids and earned to the femoral bed by the blood stream, 2, an action o 
veratrum alkaloids upon the nervous system leading to central vasomotor stunu 
lation 
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VasocoMtnction asonbed to local action of veratnne hydrochloride was ob- 
wmd by Robert (148) m the isolated hindquarters of dogs perfused with dog's 
Wood at 38®C , and m the isolated hver of the dog perfused from the hepatic 
irteiy Concentrations of veratnne hydrochloride 1 10,000 were administered 
for 3 minutes into the leg arteries , 1 20,000 for 1 and 2 mmutes and 1 40,000 for 
6 mmutes were given mto the hepatic artery, causing a marked decrease m out- 
flow from the organs which lasted from 9-16 mmutes after the penod of exposure 
In the hmd legs of mice and rats and in the isolated rabbit's ear perfused with 
Rmger solution, vasoconstriction with veratnne (161), although noticeable at 
lower concentration, was not constant below 1 20,000 In the hind legs of the 
frog (prepared accordmg to P Trendelenburg) veratnne 1 20,000 (161), germe- 


nne 1 40,000 (103) and protoveratrme 1 100,000 (103) caused vasoconstnction 
(see also section VI, A2,p 411) 

These observations on isolated organs cannot satisfactorily explam the hyper- 
tcaEive« action of veratndine and protoveratrme m dogs desonbed above, for the 
injection of as much as Oh mgm of veratndme mto the arterial supply from a 
"donor dog” to the perfused leg of a "recipient dog” fails to cause any constnc 
tion On the other hand, the mtravenous mjeotion of 0 6 to 1 0 mgm veratndine 
into the vagotcmired "donor dog” causes an moreaso m "donor” arterial pressure 
With an initial flow increase m the perfused limb of the "recipient dog,” but as the 
pressure in the "donor dog” reaches its maximum, flow rapidly decreases m the 
pofosed limb of the "recipient dog ” This mdicates t^t a vasoconstrictor 
Substance other than veratndine must reach the perfused femoral bed of the 
"recipient dog” from the "donor dog ” 

Conversely, if doses of 1 mgm of veratridmo or protoveratrme are mjected into 


A vagotcmired "recipient dog,” blood flow in the femoral bed of a leg with nerves 
intact hut perfused from a "donor dog” shows a long lasting mcrease (This un 
doubtedly is m part caused by the reflex vasodilator effect of the alkaloids, but 
it may he m part due to a depressor reflex on^nating m pressoreceptor areas, 
not fcerved by the vagus, and caused by the blood pressure increase m the '*reci 
pient dog” outside the perfused leg ) Under these conditions, when blood from 
the ^recipient dog” cannot reach the perfused leg, there is no mddence of active 
^^A*<^nstnction 


4 The rdle of cptnepJmne The following facts, observed m the atropiniied 
w vogotomired animal, suggest that eplnephnne plays an impiortant rdle in the 
and cardioaccelerator effect of the vomtnim alkaloids the characteristics 
ibe bypertenalve response , the apparently humoral transmission by the blood 
of the vasoconstrictor effect, which, in the femoral bed of the dog, cannot 
« accounted for by tho concentration of the veratmm alkaloids present, the 
increase In heart rate which cannot be duo to a direct action of the 


verttrum alkaloids upon impulse generation m the heart (section V , E2, p 405) 
Uircct measurements of epmophnne discharge mto tho suprarenal vein so for 
ve been made only in a few cases in the dog usmg the isolated gut of the rabbit 
estimate tho epmephnno concentration AVhilo tho available data are msufii- 
of an accurate quantitative statement, they suggest that at the peak 
“ blood pressure rise after injection of X mgm. protoveratrine into tho vngoto- 
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mized dog, concentrations of epmephrine of the order of 1 100,000 may be 
reached m the suprarenal vein (164) 

The hjrpertensive effect of the veratrum alkaloids can be obtained by mtrave- 
nous injections m the spinal cat as well as in intact animals (103, 182) It can 
be largely abolished by the extirpation of the suprarenal glands Similarly, m- 
jection of the alkaloids into the aorta through the celiac arterj’’ of the eviscerated 
cat (154, 182) leads to the characteristic blood pressure and heart rate increase 
concomitant with contraction of the denervated mctitatmg membrane and inhi- 
bition of utenne activity These effects can be prevented by removal of the 
suprarenal glands between successive mjections It was shown by Kusnetzow 
(161) that the isolated suprarenal gland perfused with Rmger solution releases 
epmephrme imder the influence of veratrme 

The mobilization of epmephrme from the suprarenal gland is a property of the 
ester alkaloids Cevme, the alkamme of veratndme, for instance, when mjected 
mto the aorta through the celiac arteiy m the spinal cat, proved meffective in a 
dose 70 times larger than a strongly effective dose of its veratnc acid ester (182) 

While a direct effect of the veratrum alkaloids upon the suprarenal medulla 
leads to a release of epmephrme, the possibihty remains that the veratrum alka- 
loids may act centrally upon sympathetic parts of the autonomic nervous system 
as well as upon certam parts of its sympathetic outflow, and that the action upon 
the suprarenal medulla represents one element only m a widespread sympathetic 
discharge 

5 Tke possible rdle of the central nervous system A central vasomotor action 
was first considered by von Bezold and Hirt (18) when they observed blood pres- 
sure mcrease after veratrme m the vagotoimzed rabbit In the cat vnth cold 
block of the vagus Jansch and Richter (139) claim to obtam as a rule a blood pres- 
sure mcrease if 0 05 to 0 1 mgm of veratrme hydrochlonde is mjected intrave- 
nously The effect is still obtainable after denervation of the carotid sinus and 
removal of the thoracic part of the S3mipathetic outflow of the autonomic nervous 
system, but is absent or less pronounced after seveimg the cervical cord, and 
deepemng ether anesthesia also decreases it If a strong central vasomotor 
stimulation would be caused by large doses of veratndme or protoveratnne, this 
effect should become apparent m the femoral bed of a “recipient dog” perfused 
from a “donor dog,” when one of the alkaloids is mjected mto the vagotomized 
“recipient dog " As mentioned above, under these conditions blood flow remams 
high m the perfused leg, and there is no evidence of vasoconstnetor impulses 
being earned from the vasomotor center to the vessels of the perfused leg by way 
of the femoral and sciatic neiv^es 

While there is no conclusive evidence m favor of a central vasomotor stunula- 
tion by large doses of veratrum alkaloids, a few expenments with small doses of 
veratrme suggest central vasomotor and sympathetic stimulation When t e 
receptor areas m the i iscera of the chest are circumvented by injecting 
hjniroclonde mto a vertebral artery of the cat, doses between 0 01 an 
mgm cause a shght mcrease m blood pressure and acceleration of heart rate ( > 

209) The suboccipital injection into the cistema magna of 0 04 to 0 05 mgm 
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Ttratnne hydrochlonde m the rabbit is followed >Mthm 3 to 6 minutes by fatal 
kng edema (141, 209), for which powerful central sympathetic stimulation is 
cofmdered respon^le The rAle of epmephnne m these espenioenta was not ns- 
ttrtamed The phenomenon calls to mmd the sudden lung edema in the rabbit 
caused by mtravenoufl mjections of epinephrine (171) 

Kumah 6 (169) observed in rabbits a stimulation of uterine activity after the 
mtrevenoua injection of 0 001 mgm veratnne per kgm This effect was abol 
idled by sectioning the spinal cord between C 4 and Ci After this, doses of 0 1 
mgm per kgm were necessary to cause a second increase in uterme activity 
Both these effects were not influenced by atropme but were entirely prevented by 
yohimbine, (The direct stimulating effect of veratnne upon the isolated uterus 
is not modified by yohimbine ) This is consistent with the assumption that 
epinephnne may be released and act as transmitter as a result of a central stimu 
lating action as well as in consequence of an action upon ganghomc structures hke 
the Buprarenal gland. Further observations mdicatmg possible central aympa 
thetic stimulation are the inhibitory effect of wmftll doses of veratnne upon the 
rabbit mtestine in situ which be prevented by sevenng the splanchnic nerves 
(100) and the hyperglycemic action of veratnne m the rabbit, which does not 
occur after cuttmg the cervical cord above the ongm of the splanchnic nerves 
(220) 

6 Summary The vcratnim alkaloids m high enough concentrationB are 
^^*ocon«trIcter by direct action upon the "veesel wall This is not hkely to be of 
nnportsjicein the voeopreeaor response described above, observed with large doses 
when the vagus effect upon the heart is excluded The available evidence indi 
cates that epinephnne release plays an unportant rOle m the vasopressor and 
cardioaccelerstor effect Direct action of the \ eratrum alkaloids upon the supra 
ranal medulla causes a discharge of epinephnne. It is possible that in the mtact 
animal a central sympathetic stimulation may also be mvolv ed m tho effect upon 
the suprarenal gland The eplnephrme releasing action is a property of the ester 
alkaloids and probably not of tho veratrum alkaminea 

More extensive cxpenmontol work with the vanous pure veratrum alkaloids 
is required to establish tho different sites of their action, especially in the central 
^^Prasentalion and in the sympathetic outflow of the autonomic nervous system. 
The Adton of the VercUrum Alkaloids vpon IheHearL The elucidation of the 
ahcmical structure of the veratrum alkaloids (section I) has increased tho interest 
m their action upon the heart AVhile the veratrum alkammcs and cardiac o^y 
c^es arc similar in their basic steroid struoturc, they differ m the nature of their 
a ditional nngs The unsaturated lactone nng at Cn of the steroid ting system 
c the cardiac giycoaidefl appears to be intimately connected with their specific 
positive inotropic action In place of this structure, ^ eratrum alkamines have a 
•containing nng system This raises the question, ns Cnug and Jacobs 
(44) ctnphnsue, “whether tho cardiac action of both the cardiac glycoeidcs and 
^^^tnne is not a property mherent in the sterol nucleus itself, once given the 
proper supporlmg groups in certam positions and the necessary stereochemical 
^figurations “ 
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The major effects of veratrum alkaloids on the heart are a positive inotropic 
effect, a moderate change m sinus rate, the production of uregulanties, and a 
prolongation of the beat The earhest defimtive work m this field already de- 
scribed all but the first of these (18) The more striking cardiodecelerator effects 
produced by veratrum alkaloids m the mtact animal are mediated by the central 
nervous system and have been discussed m section V, B In the following para- 
graphs the actions of several veratrum alkaloids on the isolated heart will be 
discussed insofar as they resemble those of the cardiac glycosides In section VI, 
A2, E and F the cardiac effects of these substances will be compared with the 
action of veratnne on nerve and muscle 

1 The posttive-motropic effect In the isolated heart of a manne snail, Aplym 
hmacina, L , Straub (243,244) found that veratnne mcreases the TnaYiTnal tension 
of the contraction The same effect has been observed m the frog heart (146, 207, 
246) 

As IS the case with other substances possessmg positive inotropic action, this 
property can best be brought out m the hypod 3 mamic heart When this state 
was mduced by perfusion of the frog heart with Rmger solution free of calcium, or 
by the use of citrate (which removes calcium). Ransom (204) and McCartney and 
Ransom (180) observed that veratnne caused an mcrease m the amphtude of the 
ventncular contraction In the Straub heart veratnne completely abolished the 
impairment of activity due to calcium deficiency caused by Rmger solution con- 
taimng § of its normal calcium content (207) This positive motropic action has 
been confirmed with pure alkaloids m isolated frog hearts perfused from the 
venous side, usmg as a measure of activity the restoration of the output to normal 
when it was decreased by perfusion with Clark solution contammg only 60 per 
cent of the normal calcium content (154, 182) The concentration of protovera- 
tnne or veratndme capable of restormg normal output without changing rate or 
producmg irregularities was of the order of 1 X 10“'^ while higher concentrations 
(2 X IQ”*) of the alkamme cevme were required 

In TnPTnTrmlTRTi hearts the early observations of Hedbom (108) and Kuliabko 
(158) were more recently extended to the specific conduction tissue of dogs’ and 
rabbits’ hearts (90, 123, 263, 254) They were also confirmed m experiments on 
the heart-lung preparation of the dog, on the basis of suspension curves from the 
nght ventncle (88) In each case veratrme produced a marked mcrease m the 
amphtude of contraction As pomted out by Krayer and Mendez (162), the 
positive motropic effect was not more carefully mvestigated pnor to tbeir 
own study for two reasons 1, m the mtact cuculatory system of the mammal, 
the strong vagal action of veratrum alkaloids entuely obscures the duect cardiac 
action, and 2, even m the isolated heart the effect is not marked unless the heart 
shows signs of failure This latter fact was clearly recognized by Hedbom, who 
stated, “Veratrm und Digitalm smd msofem von Interesse, dass sie zeigen, d^ 
Herzprhparate, welche durch den Emfluss des Physostigmms (und vielleicht 
auch andere Schadhchkeiten) sehr schlecht arbeiten, dutch diese beiden Gifte 
nochmals recht kraftig stimuliert werden konnen ” / o\ w 

In the absence of a significant cardiac failure, Krayer and Mendez (162) sa 
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K) eonnstent effect on eystenuo output, ooionnry flow, rate, mean arterial pres- 
nre, or pulmonary pressure in the heart-lung preparation of the dog with 
wtrme m dosee up to 04 mgm There was, however, a distinct though slight 
ccre^ in right and left nunoular preesure, and an increase m blood supply, 
Ifeoled by raising the level of the blood in the inflow reservoir, was followed 
y an morease in auricular pressure which was less than that occurring before 
le Mnunistration of veratrme When blood supply was kept constant, a 
isr^ decrease of heart volume (occurrmg without a significant change m 
w rate or pulmonary arterial pressure) established olcarlj the motropic 
itnre of the veratrine action 

Like ^ cardiac glycosides, veratndino increases the eflioiency of the fading 
anmalian heart whde increasing its work performance and its oxygen con 
mptiom The increase m efficiency is cspwaally stnkuig when the diastolic 
(ume of the heart is kept constant (189) 

Even severe fndure In the isolated heart can bo reheved and the work capacity 
, ® restored to normal irrespective of whether fndure is spontaneous or 
y pharmacolo^cal agents (barbituric acid denvativea, local anesthetics, 

1 nne) Under these condihons an effective dose of veratrme causes a marked 
•*^a« systemic output, a tranaijent mcrease m coronary flow, a decrease in 
pressure, and a vety marked reduction in the site of the heart (162) 
comnf of change m diastolic volume in the fadbg heart Is 

p catMby the action of veratme on pulmonary arterial pressure and stroke 
While the heart rate decreases usually not more than ten per cent, the 
mcreaaes markedly as the total output rises Pulmonary arterial 
thAriotif ^ which have a strong mfluence upon the diastoho volume of 

luna^ tnntncio, as a rule increases with the development of faBure m tho heart- 
of ^ ^ ** change m arterial resistance ns a result 

^ ^ pulmonary vessels or it con bo duo to an elevation 

left pressure higher thim normal pulmonary arterial pressure when the 

^j'wtnole becomes unable to empty Veratrine causes a marked fall of this 
ted pulmonary pressure. In a number of espenmente with veratnno as 
as veratndmo (162, 191), the pulmonary nrtenal pressure increased for up to 
^^mute and then fell markedly Comcident with tho rise m the pulmonary 
0th fh Systemic output rose and the right and left atnal pressures fell 
bv being equal, the nse of pulmonary pressure could be accounted for 

increased flow of blood through the lungs resulting from tho morcased 
output. The subsequent fall of pulmonary arterial pressure may bo due 
forth'^ fttrial pressure, that is, to a decrease of back pressure Tho 

sr poesibihty remains, however, that a dimmutlon of the resistanco of tho 
onaty circuit contributes to this fall of pulmonary arterial pressure 
c action of veratndmo is qualitatively sunilnr to that of veratrine and tho 
( 1911 ^ 0 °*^ ** sh^tly more potent than the alkaloid mixture veratrme 
Ccvlno, the alkamino of voratridme, still has the charactenstlo positive 
° , P'® Wtlvity but has less than ^riv of tho potency of veratndme The 
“ummal effective dose of cevino is 16 to 20 mgm sa compared to 0 05 mgm of 
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veratndme under identical conditions in the heart-lung preparation of the dog 
with an average total blood volume of about 800 cc The minimfll effective dose 
of protoveratrme m producmg the positive motropic action is about 0 005 mgm. 
or only of that of veratndme (164) The degree of improvement of a fading 
heart attamable with protoveratrme, however, is less because of the narrower 
range between the minimal doses producmg positive motropic effects and those 
causmg irregulanties The ratio of minimal irregulanty dose to mmimnl posi- 
tive motropic dose is about 13 for veratndme, 5 for veratnne, and not more than 
3 for protoveratrme 

The duration as well as the magmtude of the positive motropic effect of 
veratndme (191) is similar to that of veratnne An mitial dose of 0 2 to 0 3 
mgm , which m a faihng heart restores normal output and normal auncular and 
pulmonary pressure, has a duration of action of 40 to 100 mmutes Smaller 
doses have a bnefer action The maximal effect does not appear abruptly but 
develops m a penod of about five mmutes After large doses of cevme, however, 
the maximal improvement of output m the faihng heart appears within one 
minute of the mjection of veratndme (191) Repeated doses of veratnne (152) 
and veratndme (191) cause a progressively smaller and bnefer effect At this 
stage the effect can still be mcreased by mcreasmg the dose, and relatively large 
doses, which given mitially would cause irregulanties, do not cause disturbances 
of rhythm but only lead to a transient improvement of output and work capacity 
The moderate improvement m the work capacity of the faihng heart with an 
imtial dose of 0 005 mgm of protoveratrme (164) lasts for about 16 mmutes, with 
an mitial dose of 0 015 mgm it lasts for about 30 mmutes When subsequent 
doses of protoveratrme (not causmg irregulanties) have ceased to have a positive 
motropic effect, veratndme is still effective 

2 The effect upon spontaneity and conduction When the cardiac innervation 
and the adrenal medulla are excluded from affectmg the heart, it is seen that 
veratrum alkaloids affect the beat of the heart by direct action m manifold ways 
Bradycardia is usually the earhest effect, but sometimes tachycardia is seen 
With larger doses, extrasystoles, bigemmy, pulsus altemans, auncular asystole, 
groups of rapid beats, persistent tachycardia, and ventncular fibrillation may 
occur Aunculo-ventricular block and vanous kmds of mtraventncular block 
are also found A correspondingly diverse array of electrocardiographic tracings 
has been collected (see Boehm, 27, for older hterature, 16, 27, 88, 89, 90, 123, 
152, 154, 182, 191, 240, 241, 254, 266) 

These cardiac irregulanties appear to result from two types of changes 
produced by veratrum alkaloids m cardiac tissue, namely, changes m spontaneity, 
or tendency to produce spontaneous beats, and unpairment of conduction of 
unpulses, probably associated wth alteration of the cycle of recoveiy o 
excitabihty after the passage of impulses The diversity of the irregulanti^ 
which have been reported depends upon the many combmations of site an 
degree of these effects m the different parts of thd heart 

In the frog heart isolated accordmg to Straub, the smallest active concen 
tions of protoveratrme, veratndme, and cevme cause only an mcrease m 
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impBtude of the \entn(mliir contractions With higher concentrations, the 
htart rate decreaflcs In the isolated mammalian heart (162), initial dosea of 
verattme which do not produce irregularities haVu no constant effect on heart 
tata In heart failure, especially when caused by barbituric acid denvatives, 
an initial dose of 05 to 05 mgm as a rule produces a decrease of heart rate of 
about 10 per cent Subsequent doses intensify this effect especially in the case 
of veratrme. Protoveratnno (1B4) causes no change of heart rate with doses 
nhich do not produce irregularltieB (0 005 to 0 016 mgm ) Even in the minimnl 
positive inotropic dose (16 to 20 mgm ) cevme causes a defimte slowmg of tho 
bant (191) After large doses of cevme which have caused a marked decrease 
m rate, veratndme, m doses which, given alone, do not cause a change m rate, 
produces a transient return of the heart rate to its origmal level (101) 

The apontaneity of parts of the heart other than the smus node is mcreased by 
Bomewhat hi^er dosee of veratrum alkaloids In inactive strips of mammalian 
•ancle and turtle ventricle veratrine mitiates persistent beatmg (210, 221) 
Ventncular extraBjetoles of I'anoua aorta and the dommance of one or more 
vmtncular pacemakers are evidences of an morease m the spontaneity of tho 
ventricles seen m certam stages of the action of veratrum alkaloids No similar 
increase m spontaneity is seen m veratrmised nerve or skeletal muscle 
Irnpamncnt of conduction commonly occurs with doses of veratrum alkaloids 
Mnewhatgreater than those w hich simply change the smo-auncular spontaneity 
Tho Sudden appearance of partial A V block m the veratnmicd frog heart has been 
described repeatedly (see Boehm, 27, for references) 

Sottietiines mtraventncular forms of block are tho first to occur, leadmg to 
abnomiahties of the ventncular complexes of tho electrocardiogram and some 
hmee to pulsus alternons (166, 240, 241) Smee mcreased spontaneity and 
failure of conduction coincide, it ts not snrpnsmg that ventncular fibrillation 
often occurs 


Be Boer (20) stated that v eratrme lengthens the refmetory penodof the frog’s 
rentnelo Drury and Love (62), however mamtamed that do Boer was 
“'®*®ing not excitability but conduction With a more precise method tJiey 
*lwed that veratnne may shorten the refractory penod of frog ventnelo, but 
that smiultaneously conduction may bo severely impaired In cardiac conduc 
boo tissue, on the other hand, Berk and Wachstem (16) showed a true lengthen- 
“E of the refractory period The conduction velocity of turtle vcntncio, how 
undergoes on initial morease before its marked decrease (80) Mo^ver, 
the threshold of the frog or turtle ventricle to mduction shocks, like that of nerve 
muscle (section VI, C) is fiirst lowered and then elevated (48, 89) Hmeo it 
“ not unEkelj tliat tho refractory penod raaj bo at an early stage shortened, and 

“tor lengthened The data nvnilablo at present do not lUunmmte this pomt 

tn the Bolated frog heart, sufficient doses of protovemt^o viratnino, and 
oonne cause ventncular oxtrasystoles and aunculo-vcntnculnr block. TOth high 
^trabens, systoUc standstill occurs Boehm (26) fo^d this to take pbee 
^ • few minutes with 1 650 cc\ adino Systolic nt^tl^bl ra brought about 
»ithveratriduiebyaconcentrat.onof2 X lO- (3 X lO-M) nnd ^nth cemne by 
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1 X 10-=M (182) With protoveratnne “Sakberger,” Boehm (26) saw only 
diastohc standstill, whereas m the experiments of Krayer, Moe, and Mendei 
(154) protoveratrme “Jacobs” m concentrations of 1 X lO"’ to 1 X IQ-* caused 
ventricular standstill m systole withm 5 mmutes 
In the heart-lung preparation of the dog, mitial doses of 0 6 to 1 0 mgm of 
veratrme (152) or 0 G5 mgm veratndme (191) or repeated smaller doses cause 
arrhythmias and sudden tachycardia With veratndme the heart rate may 
remam regular and tachycardia may'’ occur with asystole of the auncle, suggestmg 
A-V nodal or ventricular pacemaker The establishment of permanent tachy- 
cardia IS often preceded by short penods of acceleration The severest effect is 
ventricular fibrillation Protoveratrme (154) m doses of 0 02 mgm usually 
provokes irregulanties, auncular asystole and ventncular tachycardia are fol- 
lowed by ventncular fibnUation withm 15 minutes after the administration. 
With laige doses of cevme (191), penods of acceleration of the ventncles may 
occur, but even doses of 70 to 80 mgm do not cause ventricular fibrillation 
In producmg irregulanties, veratndme is considerably more potent than is 
veratrme (191) For example, under comparable conditions, the a dminis tration 
of a.s much as 1 5 mgm of veratrme m divided doses over a penod of 80 mmutes 
did not produce ventncular fibrillation, whereas this effect was brought about by 
0 6 mgm of veratndme given m three equal doses over a penod of 60 minutes, 
and m another experiment by several doses totalmg 0 76 mgm given over a 
penod of 90 mmutes Protoveratrme (164) is even more potent a cardiac poison 
than veratndme, their minimal irregulanty doses bemg 0 65 mgm for veratndme, 
and 0 016 mgm for protoveratnne, a ratio of 43 
F The Complexity of the Circulatory Action of Large Doses of Verairum 
Alkaloids in the Intact Animal The evidence contamed m section V makes it 
understandable that m ammals with the autonomic nervous system mtact the 
analysis of the circulatoiy action of large doses of veratrum alkaloids presents 
great difficulties The direct influence upon the rate, rhythm, and contractihty 
of the heart, while absent or obscured with small Joses, markedly modifies the 
circulatory action of large doses Agam, there are stnkmg differences m this 
regard between the vanous pure alkaloids, as is illustrated by the great tendency 
to cause irregulanties of rhythm which makes protoveratrme a substance so 
much more dangerous than veratndme 

It will be impossible, with substances of such vaned pharmacological 
' properties as the veratrum alkaloids possess, to analyze completely their circula- 
tory action without a knowledge of the dosage ranges at which the influence upon 
other organ systems begins to affect the circulatory system and without knowmg 
how this influence manifests itself Reference to this was made when discussmg 
the action upon the respuatory system Relevant evidence for a fnutful discus- 
sion 18 lackmg even m the case of the much mvestigated veratrme response of 
nerve and muscle 

VI The ACTION OF THE VERATRUM ALKAIxOIDS UPON NERVE AND MUSCDB 
The stnkmg action of veratrum alkaloids on the skeletal neuromuscular 
was first clearly descnbed and analyzed m frog muscle by von Bezold and Hirt 
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)j (18) and Prdvost (202) It hna Bmce been the subject of mnumerable 
k iteearehes, most of them with veratane (the mixture of veratmm alknloids 
i obtained from the seeds of Sdioenocaulon ojfianale) 

A. The Eeprixtae Retfxmte For many years the opuuon prevailed that only 
• mttsdo was involved m the veiatnne response and that veratune had httlo or no 

I tfect on the nerve. The ohamctenaties of the veratnne effect m muscle were 

II therefore the first to be worked out, and only later was it shown that, except for 
i the mechamcal response, most of the phenomena seen In muscle could occur also 
t la nerve. 

: 1 Sideial musde In order to understand the nature of the veratrine re- 
i qwoBB In nerve and muscle, it is convenient to begin with the classical deaenp- 
1 ^ tkm of the phenomenon as seen m frog muscle (27) The rcstmg muscle, treated 
3 wUh an appropriate dose of the drug, shows no obvious abnormahty If, 

I however, a brief stlmuluB bo dehvered to the nerve or muscle, the usual quick 
I ctmtiacbon of the muscle is followed by a phase of slow relaxation which may 
. last for more than twenty seconds. The myograms resulting from this typo of 
: response have varied shapes. Weak veratamiation leads to a twitch like initial 
ctmlractlon and partial relaxation, followed by a slow secondary rise and fall 
j Whh stronger poisonmg, the dip m the myogram diminishes, and the height of 
\‘ the secondary nee grows With even stronger doses the curve presents a smooth 
J nso to a maximum several times the normal twitch height, followed by a long, 

I Blow fall to the base Une 

i' Binco the completely curanied preparation, stimulated duectly, gives typical 
I vemtnne responses, it may be concluded that the nerve is not necessary for this 
phenomenon and that the muscle alone is capable of produemg it. The same 
J tondusion may bo drawn from the fact that denervated muscle exhibits the vera 
hme response for some time after the nerve has ceased to function (12 74, 203) 

It la generally agreed that the veratrme resjTonse begms with a twitch much 
Eke that of the normal muscle The Eifter.effects, however, have been the sub- 
iset of much dissenrion The mRm pomt to be settled is whether this part of 
the response us a tetanus or a contracture. It wm bo called a tetanus only if it 
“®®sta of a succession of twitch llkn responses, each one being conducted along 
the muscle fiber In which It onginated, accompanied by n spike-hke electric 
'Esturbance If these conducted disturliances are absent, the veratrine response 
hekmgs to the heterogeneous group of contractures (83) 

Uutrl recent years, the prevaihng view was that the slow phase of the veratrme 
''•ixmee m muscle is a contracture. This was based on the oxpenments of all 
the early InvcsUgatere purportmg to show the absence of electric and mechanical - 
of conducted disturbances dunng this phase. If the response is to 
M clasdfied as a tetanus, it must bo accoropamed by oedllatory electric dis- 
Inrhances, and all the early mvestigators agr^ on the absence of these oscilla- 
ttona. 

It is now evident that these experiments boro negative rcsulU because the 
*™fioil instruments then available were insensitiie to tho rapid disturbances 
" iow ampBtudo which may occur m muscle Thus tho older investigators 
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recognized the tetanic nature of some conditions m which the motor unit, con 
taming tens or hundreds of muscle fibers, fired with some degree of S 3 Ticlironj 
but were unable to detect the finer oscillations associated with the asynchronoiii 
finng of smgle fibers Ccf 50) The latter is the mode of the veratnne re^onsf 
msofar as it is a tetamc phenomenon (58) By skillful use of the strmg galva 
nometer, Paul Hoffmann (116) was able to demonstrate oscillations m the electro 
myogram of veratnnized frog muscle, particularly m the early part of the record 
where the muscular vollej's may be more or less synchronized As the degree o 
veratnnization advanced, the frequency of the oscillations i^icreased and then 
amphtude decreased With full veratnnization, Hoff maim found a smootl 
electrogram The strmg galvanometer records of others resemble more or lea 
those of Hoffmann (28, 101, 14S, 203) 

With the cathode ray oscillograph, aided by electromc amphfiers, it has beei 
shown conclusively that the veratnne response m muscle is imder most circum 
stances a tetanus This ivas first demonstrated by Bacq and Brown (12) m nor 
mal cat muscles stimulated directly or mdirectly and after curanzation or de 
nervation With weak or moderate degrees of veratnnization the conducted 
disturbances demonstrated m the electromyogram account fully for the mechani- 
cal record In cats, fowl, frogs, and toads the two-peaked myogram of tht 
weakly veratnnized muscle is accompamed by two correspondmg bursts ol 
spikes separated by a relatively silent penod (58, 67, 106) In cats, Bosen- 
blueth, Wills and Hoagland (219) observed no element of the mechamcal re- 
sponse, even i\ith severe veratnmzation, which could not be attnbuted to the 
conducted disturbances demonstrated by the electromyogram In frogs and 
toads, however, Feng (67) and Eichler (68) found, m confirmation of Hoffmann 


(116), that with severe poisomng the number and duration of oscillations con- 
ducted along the muscle fiber decreased despite the mamtenance of tension 
If the veratnne response is to be classified as a tetanus, it must be propagated 
from a veratnmzed to a non-veratrmized region of the muscle fiber, and hence 


the latter must shoiv a veratnmc* response i\ hen the true veratnne response is 
set up m the veratnnized region The amphibian M sartonus is pecuharly 
adapted for this experiment because its muscle fibers pass m parallel arrangem^t 
almost the full length of the muscle Hence when this muscle is fixed m the 
nuddle by gentle pressure and the two ends are made to record mechamcally, it 
18 possible to determme whether or not a response set up m one end of the 
IS propagated to the other end If a part of one end of the muscle is poisoned 
with veratnne (with controls to show the absence of spreadmg of the alkaloidal 
mixture along the fibers) and bnef stimuh are apphed to the poisoned and un- 
poisoned ends, it will be apparent to i\hat degree the veratnne response is 
propagated from the poisoned to the unpoisoned end of the muscle 

This double myogram experiment was performed m frogs by Biedermann 
(20) and Biesser and Richter (212) with a clear result The veratnne 
was localized m the half of the muscle, part of which had been treated ^ 
tnne In the unpoisoned half, only the mitaal twitch appeared e 
view, that the veratnne response is a contracture, rested on these results 


‘ For an explanation of the term veratrmio, see pago 433 


PHAJUIACOLOOT 07 VERATRUM ALKALOIDS 


411 


The Btrnie cxpcnment was performed in toads and frogs by Engelmann (61) 
and many others (06, 66, 67, 87, 121, 124, 179, 267) mth the opposite result 
All of these investigators showed that the veratnne response is under most 
circumstances, propagated from the poisoned to the unpoisoned area of the sar 
tonus However, with high conccntrationB of the drug the propagation be- 
iomes less and )css complete, until the result is not unlike that found by Bieder- 
m.nn (20) Hsmg thermal measurements, and thus avoidmg the depression 
of conduction which may occur at the fixed region of the sartonus m the double 
myogram, Feng (67) has shmvn that with moderate veratnnisation the propaga 
Uon from a poisoni to an unpoisoned region may be complete. Hence there 


could be no question of contracture 

Thus the electromyogram and the double myogram agree m the demonstrabon 
that the response of veratrmisod muscle is largely if not entirely a tetanus Only 
severe veratrinisation of cold blooded muscles produces contracture 
Recent expenments of Kuffler (167) on single Bbera from the frog’s sartonus 
musde suggest an explanation for the difference between contracture and tetanus 
in the veratnne response K a single, bnef stimulus is delivered to the \ era 
tnnuced muscle fiber, a senes of action potentialfl may be recorded from wo 
stimulated spot If, hem ever, the recordmg electrodes are placed only a fmv 
milUrnetcni away it is found that some of the action potentials are absent 
Some of the impulses originatmg at the stimulated spot have died out 
being conducted along the fiber Thus what is clearly a tetanus when recorded 
electricoilly at the stimulated spot in a smgle fiber would appear as partly tetanus 
and partly contracture when recorded from the whole muscle with the doub 
myograph “Contracture" may differ from tetanus m the veratnne r^ponee 
only by this future of conduction The block of conduction produced by large 
doses of veratrme will be further discussed in section VI, G 
2. Varum* types of musde A veratnne response occurs m all the 
striated musdes m which it has been tested (1, 36, 74, 98 107 126, 1 7, } 

The phenomenon also occurs m certain mvertebrate muscles (210) n ot er 
invertebrate muscles the typical myogram is absent Riessw 
the generalisation that the veratrino response occurs m muscles in which th(^ 
a a tetanogemc system Serem (236) found cepholopod chromatophores to be 
a convenient Emgle-cell preparation for the study of the voratrme realise 
Strong solutions of v'eratnne have frequently been r^rt P ura a 
'Mbuned shortening of excised stmted muscle without 
external sbmulus (31, 166, 242) In the hands of Lai^ (1®) 
frog sartonus, this phenomenon occurred only mth 10“ vera ^ A'i^trme' 
“xtog the rectus abdommis ot the frog, found the same w ,4, vthm and 
In vertebrate smooth muscle svstems veratnne nresnnt In some 

nniphtudc of spontaneous raccbrmical actirfty whm is P muscle 

tMaace, it prices a slovly der-eloping sustained 
•omewhat sunilar to what has been described “bo'-® “ 

51, 120, 232) Marion (176) reported that the response of tbc f^ s bladder 
toanelectnc stimulus after veratnne was longer than nomnl, with a ^ 
•xxatlChreCderS th "to bo analogous to the veratnne response m striated 
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muscle In the mctitatmg membmnce of the cat (215), the phenomenon seen 
by Marfon occurs on dehvermg a single bnef shock to the nerve supplying the 
membrane If, however, the membrane is stimulated by epinephnne, veratnne 
does not increase the response This result mdicates that a veratnne response 
occurs m adrenergic postganghomc nerves but not m this smooth muscle. In 
view of the fact that veratrum alkaloids cause a release of epmephnne from the 
adrenal medulla (p 401), it is possible that the abnormalities reported in veia 
trmized smooth muscle S3mtems are due at least m part to the effects of vera 
time on the neuronal elements of these tissues The fact that veratnne sena 
tmes isolated mtestinal stnps from the rabbit or the vas deferens of the guinea 
pig to the stimulatmg effect of potassium ion (11) may have the same explana 
tion At present, however, it is impossible to exclude the existence of a veratnne 
response m smooth muscles (see also p 401 and p 402) 

A number of observers have noted a prolongation of systole m veratnmzed 
cardiac tissue (see Boehm 27, for older hterature, 59, 182, 203, 221), occasionally 
to a marked degree, as m the heart of Torpedo (82) This prolonged contraction 
of cardiac muscle has generally been considered analogous to the veratnne 
response of skeletal muscle Smce the prolongation of contraction m skeletal 
muscle IS due to a tetamc response and smce tetamc contraction is generally 
agreed to be excluded by the properties of cardiac muscle, this mterpretation is 
not warranted today Gilson and Irvme-Jones (89) observed the prolongation 
of systole in the turtle’s ventricle, and attributed it at least m part to the slowing 
of conduction, which was so marked that relaxation could be seen begmnmg at the 
proximal end of the stnp while contraction was only begmnmg at the distal 
end iTiese effects of veratrum alkaloids on conduction velocity are much 
more stnkmg m the heart than their effects m nerve and skeletal muscle (section 
VI, G) 

Although the analogy between the contractions of veratrmized auncle or 
ventncle and those of skeletal muscle has been disappomtmg, the specialised 
conduction tissue of the mammalian ventncle has yielded suggestive results. 
These will be discussed m section VI, F 
3 Nerve Von Bezold and Hirt (18) considered that veratnne prolonged the 
state of excitation of nerve m a manner analogous to what they saw m muscle 
Their evidence, however, was uncertam, and a blast from Fick and Boehm (72) 
blew this opmion out of the mmds of mvestigators for years 

Several attempts are made to test the effect on the muscular twitch of veratnne 
apphed locally to the stimulated region of the motor nerve Most of these were 
negative In 1902, however, loteyko (122) found that some mmutes mter 
the apphcation of veratnne to the nerve, a bnef stimulus apphed 
along the nerve produced a typical veratnmc response m the mu«cle Wble 
(257, 258) repeated this experiment with the same result and demonstra^ Y 
a reversible nerve block between the veratnnized area and the muscle tha i 
was mdeed the veratnnized nerve which was producmg the veratnmc response 

of the muscle a off a 

These results nnply that the stimulated area of veratrmized nerve gives 
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thoKer of nerve impulses Many inveafagatorB had studied the electrogram of 
veralrinued nerve, however, without finding showers of spike potentiais follow 
ing the usual imtial volley Traces of oscillation appeared m the records of 
BsyCse, Cowan, and Scott (16) and Gasser, Richards, and Grundfest (86) 
Clear demonstration of the repetitive response of veratnmzcd nerve to smgle 
brief gtunuh was furnished in recent years p, 63, 68, 70) Feng (68) comments 
on the probable reasons for previous failures to see this phenomenon 
In the amphibian and mammalian peripheral neuromusoular system the most 
unsitive mdicator of the veratime effect is the muscle (63, 70) With somewhat 
higher concentrations of the drug m the curanxed preparation, repofative re- 
sponses may be demonstrated m the ventral root on applymg a smgle shock to 
the Intact nerve trunk, if the nerve is now cut close to the muscle, the repetitive 
discharges are found to be absent. With a stillhigher concentration ofveratrlne, 
the repetitive discharges arise m the veratrmixcd nerve trunk itself Thus the 
intramuscular parts of the nerve fibers, that is, the nerve endings, are more 
sensitive to this effect of veratnne than the aicons in the nerve trunk. The nerve 
endings are sensitive also to similar effects of guamdme and barium ion (64) 

The repetitive response of veratnnised nerve is less striking in frogs than in 
cats, where the gradually diminishmg diacharge foUowmg a smgle shock may 
last almost half a minute and initially mvolve a largo proportion of the nerve 
ffliors in synchronous voUeys at a rate as high as 660 per second (7) 

Hie repetitive re^jonse to a single brief shook as a result of veratnnuatiou has 
bwn thserved m A, B, and C fibers of cats, A and C fibers of frogs, and in the 
■*6™* of certam mvertebrates (7, 16, 63, W, 86, 218) There is no reason to 
®'6'Pose that seisory axons ore not affected as well as motor axons. 

4 Rectplen Whether sensory receptors are subject to the aame effect of 
'’smtrme as those described for nerve axons and muscle is difficult to judge from 
the available data. Sneesmg and a bummg sensation on contact with veratrino 
are properties of the drug recognised for many years Since the circulatory 
jafeffis (section V, A, B, C) arising as a result of the injection of veratrum alka 
kads occur with very small doses, it seems unlikely that the nerve axons are 
efficiently poisoned to respond repetitively Yet the afferent discharge on 
injection of these drugs plays an important r6ie in eliciting these reflexes. It 
IS possible that the response of receptors to a given degree of stimulation may be 
t™dered more intense by veratrlne, thus producing a more frequent discharge 
in the afferent nerve. 

6 Sjmoptuj and neuromxttcular transmission The notion that veratnne 
act on synaptic and neuromuscular transmission has cropped up repeatedly 
picque’s theory of curamation was based partly on expenments done with 
iicratrme Since the drug can produce repetitive discharges in both nerve and 
and, with higher doses, can block conduction in both of these tissues 
t^uoo VT, 0), the study of neuromuscular transmission is rmusually chflicult. 
0 convmcmg evidence of curnnzation by veratrino is available 
Recent studies indicate that neuromuscular transmission in skeletal muscle 
accomplished by the setting up of an adequate "end plate potential ” This Is 
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a relative negativity of the end plate region which may best be observed m 
partially curanzed muscles on the arrival of a volley of impulses m the motor 
nerve When it reaches a critical value, the aU-or-none muscular response be- 
gms at the region of the end plate and is conducted over the muscle fiber Phy- 
sostigmme, curare and other drugs known to afliect neuromuscular transmission 
change the size and duration of tiie end plate potential Veratrme, honever, 
does not significantly change this potential m the frog sartonus, even when 
repetitive nerve impulses arrive at the neuromuscular junction as a result of 
the veratrme response of the nerve (157) When an all-or-none response is 
imtiated m the veratrmized muscle fiber at the peak of the end plate potential, 
its augmented negative afterpotential is merely added to the remnant of the 
normal end plate potential There is evidence that the potential of the supenor 
cervical ganglion which corresponds to the end plate potential of skeletal 
muscle 18 not affected by veratrme (55) Veratrme does not change the sensi 
tivity of skeletal muscles to acetylcholme (37, 187) Thus, although both the 
nerve and the muscle may show evidences of veratrme response, the process 
of neuromuscular transmission appears to be unaffected 

6 Summary Thus veratrme renders certam tissues capable of respondmg to 
bnef strmuh m a charactenstically prolonged manner These responses we 
designate as veratrme responses Instead of the normal smgle all-or-none im- 
pulse, the tissues exhibit a repetitive response consistmg of a senes of all-or-none 
impulses which long outlasts the stimulus The prolonged veratrme response 
IS therefore similar to the afterdischai^e observed m some reflex systems 

The veratrme response is found m all vaneties of nerve and skeletal muscle 
which have been tested The phenomenon has been observed m the heart only 
m special cucumstances It occurs m a number of non-stnated mvertebrate 
muscles, but its occurrence m vertebrate smooth muscle has not been estab- 
hshed 

B The Electrogram of Nerve and Muscle The features of the veratrme 
response so far considered are those which concern the overall function of nen^e 
and muscle, namely, the ongmation and propagation of impulses and then 
mechamcal effects It is now appropriate to view some less obvious aspects 
of this phenomenon m an attempt to discover the mechanism of the abnorma 
behavior of the tissues involved 

1 Demarcation potential If a nerve, a muscle, or the heart is mjured at one 

pomt and a galvanometer is connected from this pomt to an mtact region, tne 
latter is found to be electncally positive to the mjured pomt This different 
of potential is called the demarcation potential It is generally agreed that me 
veratrme response can occur m nerve and muscle wuthout change of the e- 
marcation potential (7, 21, 157), although this potential may nse m one tissue j 
(cat muscle, 219) and fall m another (cat sympathetic ganglion, 218) as > 
result of treatment with average doses of veratrme High concentrabons ( i 
and up) of the drug depress the demarcation potential (23, 102, 110) , ( | 
112) The depression of demarcation potential will be discussed m section , \ 

2 Spike potential Usmg slow galvanometers, the earhest mvestiga rs ^ 
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the electrogram of veratniuied nerve obsen'ed a marked prolongation of the 
electncal response resulting from a singlo stimulus (18) With the capillary 
electrometer, Garten (81) hrst differentiated two electrical disturbances m the 
veralrmiied olfactory nerve of the pike Both were in the same direction, the 
intact lead going negative with respect to the crushed lead First camo a quick 
wave sunllar to that of the nonveratrmised nerve, and this was followed by a 
dow, prolonged negatno wave Hoffmann (116) found the same sequence m 
veratnmied frog muscle 

The first, qmck wave of the electrogram of nene and muscle is commonly 
referred to as the spike It consistently accompames the passage of conducted 
impulses m normal nerve and muscle 

Certam doees of veratnne increase the amphtude of the spike potential as seen 
m the electrogram The mcrease is slight m nerve axons, but more marked m 
manunahan muscle, and oven more mariced m the supenor cervical ganghon 
(7, 97, 218, 219) Its significance is not known Larger doses in each case 
produce a decrease m spike magnitude Evidence is presented that this decrease 
of spike magmtude occurs m the absence of block (7), although largo doses of 
Teratrino may produce a block of conduction in nerve (section VI, G) 

In normal nerve a second maximal spike ehated withm a short period after 
the first hostho same amplitude as the first if it occurs any time afterthe relatively 
rcfractoiy period After veratrine, however, a second maxnnal spike is smaller 
than the mitial spike if it is dehvered even much later than this penod If 
ttmiuh are apphed repetitively at vanoua frequencies, the spike magmUido is 
teen to reach a minimum 16 to 60 milliseconds after the mitial spike After this 
interval there is a gradual regrowth of spike magmtude, approaching the magni 
hide of the mitial spike at a rate which is an mverse function of the frequency 
of stinmiation (7) The same phenomenon occurs m cat muscle and suponor 
cervical gan^on (218, 219) The tune course of this phenomenon is similar 
to that of the repetitive response and the augmented negative afterpotential 
This diimnution of spike magmtude may be attributed partly to refractormess 
of some of the axons as a result of repetitivo activity and partly to the presence 
of a large negative afterpotential Smee in cat nerve it ia different under an 
esthesia with different general anesthetics (214) other unknown factors probably 
®ho play a r61e 

3 The augmented negaitve afterpotential The second wave of the veratnne 
electrogram is called the negative afterpotential In the electrogram of normal 
nerve, a bnef and relatively minor npple foHowmg the spike is designated the 
negabvo afterpotential Graham and Gasser (97) first cliirly showed that vera- 
trine produces a tremendous and long lastmg negative wave m place of this 
normal npple The V'eratnno afterpotential is not a propagated disturbance 
cunilar to the spike, but occurs only m the psrts of the nerve or muscle which 
have been exposed to veratrine An impulro onginatmg in normal nerve, for 
“csDiplc, has m this region a normal negative aftcrpotentml, but when passmg 
through a vemtnniscd region of the nerve, it leaves behind it the local, large, 
“d prolonged negabvo afterpotential 
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The augmented negative afterpotential is a constant and stnking feature of 
the veratrme response Its sigmficance will be discussed in section VI, D It 
has been found m all nerves so far studied (9, 15, 40, 81, 85, 97, 99, 100, 206, 218), 
m the mammalian s 5 unpathetic ganglia (167, 218), m vertebrate skeletal mik Je 
(116, 219) and m the electnc organ of Torpedo (82) The lack of effect of ' a 
trme on the end plate potential of the skeletal neuromuscular junction and on the 
corresponding potential of the stellate ganghon has been noted above (p 414) 

The magmtude of the augmented negative afterpotential vanes ivith Ihe dose 
of veratrme and the tissue studied In C nerve fibers it may approach the am- 
phtude of the spike It usually appears to be developmg as the spike subsides, 
commg to a peak of amphtude some milhseconds later In smgle muscle fibers 
from the frog’s sartonus, Kuffler (157) finds that the mterpolation of a spike 
dunng the negative afterpotential leads to a temporary annulment of the po- 
tential, which then grows agam as a result of this second unpulse After a 
smgle stimulus, the negative afterpotential of nerve may last for seconds or 
even mmutes That of the normal nerve lasts but a few milliseconds 

Graham and Gasser (97) found protoveratnne to be less potent than veratrme 
m producmg an augmented negative afterpotential m isolated frog nerve The 
augmentation of the afterpotential was relatively shght Its duration, however, 
was greater than that of the negative afterpotential of the veratnmzed nerve- 
how much greater, these authors were unable to say because of the limitations 
of their recordmg system 

An augmented negative afterpotential may occur m veratnmzed frog nerve 
without the tetamc veratrme response (e g , 97, 157) Clear evidence of the 
occurrence of a tetamc veratrme response m veratnmzed tissues without an 
augmented negative afterpotential is lackmg In smgle muscle fibers, Kuffler 
(157) found the augmented negative afterpotential with concentrations of vera- 
trme msuflficient to produce a tetamc response to a bnef stimulus 

Withm hmits, the negative afterpotentials of successive impulses may be 
summed This summation is evident when the stimulatmg electnc shock evokes 
a senes of impulses, i e , the tetamc veratrme response The second, third, and 
several subsequent impulses produce mcrements of the negative afterpotential 
begun by the imtial impulse There appears to be a himt to the amphtude of 
negative afterpotential which can be reached by the summation of effects of 
repeated impulses Thus, beyond a certam frequency of maximal stunulahon 
of a circulated mammalian nerve, no further mcrease of negative afterpotential 
occurs Even a rapid rate of stunulation fails to prevent the gradual decline 
of the negative afterpotential (7) Conversely, the longer the mterval betweOT 
successive stimuh, the more does the electrogram resemble that obtamed vn 
the first stunulus In cold-blooded nerve, it may be necessaiy to wait five 
mmutes after the previous stimulus before a response of equal magnitude may 
obtamed (81) 

The large, prolonged negative afterpotential of veratnmzed nerve has usu^ 
been considered to be merely an exaggeration of the small, bnef negative 
potential of normal nerve In fact, the occurrence or absence of an augmen 
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tion of a negative wave in the electrogram has been taken as evidence of the 
presence m various tissues of the basic mechanism underhung ‘ the native 
afterpotential ” The negatu e afterpotentials of normal and of veratruused 
nerve are sometimes considered to represent a slow phase of the recover} of the 
demarcation potential after the passage of the depolarisation, or spike potential 
Both are decreased by potassium and b> catelectrotonue, which dimmish the 
demarcation potential, and both are increased b} calcium and anclcctrotonus, 
which maj augment the demarcation potential Both ma} undergo summation 
as a result of tetamc stimulation Both ore more susceptible than the spike 
to cold and to anoxia (93, 08, 97, 229) The augmented negative afterpotontial 
of veratriniied nerve differs, howe\er, from that of normal none m having on 
early rismg phase* For this reason, it cannot bo attributed solel} to a slowing of 
the reparative processes 

In view of the fact that the demarcation potential of nen e is mamtainod by 
oxidative mechanisms, the relation of the negative afterpotential to respiration 
IS of interesL Schmitt and Gasser (229) found that with a degree of veratiim 
sation which produced an augmented negative afterpotential (but probabl} no 
repetitive response), nerve volleys at 2 per second caused a larger mcreaso of 
®ygen consumption than volleys per second m the nonveratnniied nerve 
like that of the normal nerve, the negative afterpotential of the veratnnised 
nerve b much more sensitive to anoxia than is the spike potential On ro- 
admission of oxygen it grows to a greater le\el than it had before the anoxia 
began. Thus oxidative metaboUsm is acU\o during the veratnno ncgntl^’e 
afterpotential and essential to its maintenance At least m the conditions 
when no repetitive response occurs, the metaboUc cost per nerve impulse is 
much greater in the veratmuzod nerve than m the normal In skeletal muscle, 
however, when the tetomo veratrme response occurs, the cfficienc} of the ex 
t^rnal work performance is the same as that of a normal tetanic response (105) 
Ihia contrast suggests that the metabolic abnormahty of verotnmied tissues 
ia marked in their excitation and conduction systems, and docs not agmficantly 
involve the contractile system, whose activity accounts for the major part of 
tho metaboUsm of muscle 

4 PosiUvt aflerpotmitaL So promment a feature of tho \cratrme response 
i® the negativ o afterpotential that the early positii e afterpotential seen m normal 
nerve, if it still exists, is obscured At the end of the long negatu'e afterpotential 
nf veratrmiied nerve, however, there is a positive potential which slowly returns 
to normal (9, 86, 206) Furthemnorei in two gan^onic structures, tho superior 
cervical ganglion of the cat (107, 218) and the retina of the frog (247), at certam 
stages of verotnnization, one may sec on augmented positive afterpotential not 
* long after the end of the spike potential 

C Electrical Excitability Advancmg degrees of \*oratnniaation are generally 
Jfireed to produce first a nso and then a foil of resting electneal excitability This 
has been shown for nerve, muscle, and the heart f7, 18 48, S9, 97, 218) Tho 
^diangcs of tho parameters of excitation m frog muscle have been xanously re- 
ported (37, 164) In arculatcd mammalian nerve the fall of excitability is 
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accompanied by the same shift of the conventional voltage-capacity cun e up 
V ards and to the left as is commonly seen v hen the excitabihty of a tissue di- 
mmishes, the rheobase rises and the tune constant of excitation decreases (7) 

In common vuth certam other conditions to be discussed belov m section 
M, veratrme changes the normal relation of closmg anodal and closmg cathodal 
thresholds The anode stimulates at a lower voltage than the cathode, a re- 
versal of the result m normal nerve (7) 

The passage of a conducted impulse normally leaves m its n ake a characteristic 
senes of changes of electncal excitabihty Of these, the absolutely refractory 
penod and the succeedmg relatively refractory penod are, m frog nerve, httle 
affected by veratnne short of doses which block conduction (97) A lengthening 
of the refractory penod has been obsened m crustacean nerve (60) (see also 
section V, E2) 

Following the relatively refractory penod, there frequently occurs a penod 
of supernormal excitabihty As a result of treatment with veratnne, this super- 
normahty is often mcreased m mtensity and markedly prolonged 

D Negatwe Afterpotential, Supernormal Exciidbiltty, and Repetittve Response 
There has been a tendency to attnbute the mam effect of veratnne on neive or 
muscle to its augmentation of the negative afterpotential and to relegate the 
supemormahty and the repetitive response to secondary positions as conse- 
quences of the augmented negative afterpotential A fair degree of correlation 
has been established m non-veratnmzed nerve between the afterpotential and 
the concurrent electncal excitabdity (see 63) Positive afterpotential tends to 
comcide with subnormal evcitabdity, negative afterpotential with supernormal 
excitabihty 

The fact that veratrme enhances not only the negative afterpotential but also 
the supemormahty has supported the thesis that negativity is a good mdex of 
mcreased excitabihty The generally accepted fact that sometimes a large and 
prolonged negative afterpotential occurs m veratnmzed nerve m the complete 
absence of supernormal excitabihty (7, 97) mars considerably the unqualified 
acceptabihty of this thesis In the opimon of Graham and Gasser (97) this fact 
mdicates that some other, unkn own factor, m addition to the negative after- 
potential, conditions the appearance of supemormahty Certamly a laige nega- 
tive afterpotential alone does not warrant the assumption of concurrent super- 


normahty 

The repetitive response has been attnbuted to the excitatory influence of the 
negative afterpotential, or, m other words, to the supernormal excitabihty of 
which the negativity is considered to be the mdex (86, 157) The occurrence of 
a spike on the nsmg phase of the negative afterpotential is taken to be analogous 
to the occurrence of a spike at the peak of the endplate potential m skeletel 
muscle, or to the occurrence of a spike after the utflization tune at the cathoM 
w'hen electric pulses are apphed Thus the negative afterpotential is interpre 
as the sign of a local excitatory process w hich may reach hminal values and pro- 
duce a conducted disturbance In support of this thesis one may cite the ac 
that weak veratrmization produces a small mcrease of negative afterpotentia 
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in smgle muscle fibers, but no repetition, whereas somewhat stronger \era 
tnnigitaon further mcreoses the negative afterpotential and also produces repe- 
tlfaon (167) Of the same import is the general correlation between the ampli- 
tude of negative afterpotential and the rate of repetitiTO response ^vith various 
doses of veratrme (7), os well as the changes of frequency of repetitive responses 
at the beginning and to^\a^d the end of the negative afterpotential (63, 68, 67, 
90) 

The imqualified support of this view, too, is impeded by certain discrepancies 
One IS that the repetiti\'e response may occur in the absence of supernormal 
cxatabihty Another ik that with mcreasmgly Be\»ere veratrmiiation the repeti 
tive response may e\'entually decline uhile the negative afterpotential contmues 
to grow more mtensc (7) Furthermore, In frog norve pamted with Bolutions 
of vemtnno, repetitive responses to smgle, brief stimuh appear for a short time 
while the negative afterpotential la not very large, but disappear while the 
negative afterpotential is steadily growing Finally, on aeration after anoxia 
the negative afterpotential recoiiers to a \alue greater than that of the basal 
state, whDe repetitu e activity remains depressed (08) 

A general correlation certainly exists among these three aspects of the veratrme 
response namely, negative afterpotential, aupemormahU and repetitive re- 
sponse The discrepancies noted above, however, mdicate that other factors 
not now understood play a significant r6Ie The physicochemical basis of the 
changes discussed here will be considered below m section VI, L 
E Tin ConiTccitle Syttan of Musdo The effects of \ eratnne m nerve and 
muscle 80 far discussed are related mninlj to the processes of excitation and con- 
duction The prolongation of response to a brief stimulus is common to these 
two types of tissue, one with and the other without contractile powers In both 
tissues, this prolonged response is attributed to a letamc discharge of impulses 
The other aspects of the veratrme response which wiH be described below are 
also common to the two tissues and hence to some extent independent of tho 
contractile system Yet the characteristic e\ideDce of veratrimsation has been 
the peculiar mechanogram of the veratnmxed muscle 
Skeletal muscle is affected by veratrme In ways which are Buperficiall> similar 
lo the positive motropic action which it has on the heart (section V, El) Vera 
tone increases the w ork done by a skeletal muscle m response to a smgle stimulus 
(see Bo^im, 27) Yet the data do not permit the mterpretation that this effect 
has the same mechanism in heart and skeletal muscle Thus veratnno increases 
Ihe work done by a skeletal muscle in response to a smglo stimulus by causing 
the response to bo a tetanus rather than a smgle twitch In the heart, the pom 
tive inotropic effect cannot bo attributed to a tetamo response. Because of the 
^Iadic response of ^'eratnnized skeletal muscle, the comparison of the two tissues 
la difficult. In the heart, veratrum alkaloids produce on mcreased efficiency of 
the beat (189), whereas in rfteletal muscle, veratnno does not change the efii 
ciency of tetanic contractions (106) The available data are not suffidont to 
establish or exclude a positive inotropic effect of itirntnne In skeletal muscle 
Generally speaking, the features of the \*eratnne response of skeletal musde 
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are fully explained by the known effects of the drug on the excitatory and con 
duction S3f6teins of this tissue 

F Veralnm Response in Conduction Tissue of the Heart Although the anal- 
ogy between the contractions of veratrinized auncle or ventricle and skeletal 
muscle has been disappomtmg, the speciahzed conduction tissue of the mamma 
han ventncle has yielded suggestive results Goldenberg and Rothberger (90) 
found that m a certam stage of veratnmzation, strips of the conduction bundle 
of the dog’s ventncle have electrograms strongly remmiscent of those of vera 
tnni^ed nerve and muscle The mitial negative deflection was followed by a 
prolonged negative wave The frequenc3' of spontaneous beatmg was very 
slow, and the Idng negative wave was followed bj’^ an isoelectnc penod before the 
next cycle began Superimposed upon the negative w'ave m greater or less 
number were regularly spaced, sharp negative deflections similar in shape to the 
mitial negative deflection but less m amphtiide The amphtude of these sec 
ondary negative waves mcreased as the interval from the mitial deflection m- 
creased The mechanogram shoved a large contraction correspondmg to the 
mitial deflection, and a vanable number of much smaller contractions corres- 
pondmg to the later members of the senes of secondaiy negative deflections 

In analogy with the results m veratrmized nerve and muscle, we may dis- 
tmguish m these electrograms from specialized conduction tissue of the heart, 
the mitial spike and the augmented and prolonged negative afterpotential as 
well as the repetitive spikes The mechanogram shows that, although summa- 
tion of contraction does not occur m the heart, a repetitive contraction occurs 
followmg the passage of an mitial wave In the increase of amphtude of the 
successive secondary' spikes and contractions, V'e see the gradual recovery of the 
spike magmtude and, somewhat later, of the the contractile system The abrupt 
cessation of secondary beats is similar to what is seen m the smgle fibers of vera 
tnnized skeletal muscles (58, 67) 

The prolonged negative wave of the electrogram of the veratnmzed conduction 
tissue IS similar to the negative afterpotential of nerve m being relatively more 
sensitive to anoxia than the initial and secondary spikes Smce with anoxia 
or cj'amde poisonmg, the negative afterpotential could be abolished without 
affectmg the secondaiy spikes and contractions, whereas coolmg abolished the 
secondary spikes and contractions but exaggerated the negative afterpotential, 
a certam mdependence between negative afterpotential and repetitive response 


exists m cardiac conduction tissue as m nerve 

When the calcium content of the flmd bathmg the veratrmized conduction 
tissue was mcreased, the rate at which beats, or groups of beats, occurred was 
diminished, sometunes to zero, as m nonveratrmized conduction tissue When 
a beat occurred under these circumstances, it mitiated a long senes of rapid 
discharges, charactenzed by repetitive spikes supenmposed upon a long neg^ve 
afterpotential and by mechamcal responses correspondmg to the spikes 
change m ionic environment seems to accentuate the sunilanty between tue 
veratnne responses of conduction tissue and the nerve or muscle In vera nn 
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lied frog ventricles Seeman and Viotoroff (233) found mecbanograms and elco 
trognuns sunilar to tboso descnbed by Goldenberg and Rothberger (90) in 
veiatnmied conduction tissue nhen tbe calcium concentration was elevated 

In a subsequent paper (91) sodium arsetdtc ivas sbonm to produce responses 
of cardiac conduction tissue similnr to those resiiltmg from veratrmimtion 

G Conduclwn, and the Effects af Strong Veratmnzalton Weak or moderate 
veratnmiation mav slightly accelerate the conduction i elocit> m the heart (89) 
The main effect of veratnniiabon on conduction velociU m non e as well as the 
heart, however, is depression, observed \i ilh more severe degrees of poisomng 
When poisonbg is sm ere, this is associated with a deterioration of other phe- 
nomena, namelv, spike magnitude, negative aftcrpotentml, repetitive activnty, 
electrical eAcitabihty and demarcation potential (7, 27, S3, 67, 97) 

Conduction is meanwhile blocked m an increasing mimlicr of fibers at mnous 
distances from the stimulatmg cathode The probable Influence of this factor 
on the earlier mterpretation of the nature of the veratrme response in muscle 
has been discussed m section VI, Al For many years the \ eratnne response of 
muscle was conadered to be a special kind of local contraction, rather than a 
tetanus, because of experiments m which a failure of conduction of tho i eratrmo 
component was a critical feature In frog nerve, severely poisoned with i era 
atnne, Graham and Gasser (97) found the negative afterpotential to dmunish 
with distance from tlie stimulating cathode Tliis they attnbuted to a block 
of conduction of fibers at vanous distancea from tho cathode It is mterestmg 
to note that after complete block of conduction and abolition of the spike by 
veratrine or other agents in the smglc axon of tho lobster, a large local response 
still occurs (177) 

In excised frog nerve, concentrations of voratnne from 1 200,000 to 1 60,000 
produce a decrease m the demarcation potential whose extent is a function of 
the concentration of the alkaloid mixture When the doraarcalion potential 
has fallen to a certom level, conduction fails It may, however, be restored by 
sn atmosphere containing 6 per cent carbon dioxide or by anodal polarisation 
Both of these agencies restore tho demarcation potential and at the same time 
ro-estabhsh conduction (109) Under these circumstances, block of conduohon 
would seem to depend upon a critical diminution of demarcation potential 
Yet m circulated mammalian nerve, block may occur m tho absence of a slgnifi 
cant change of demarcation potential (7) Tbe circulated nerve is, of oourse, 
contmuously exposed to a tension of carbon dioxide similar to that exerted by 
sn atmosphere contamlng 6 per cent of the gas Some other mechanism of 
block would seem to predominate in these conditions 

In the heart the effects of veratrme on conduction are unusually prormnent 
(s«tlon V, E2, p 4C0) 

H Stimulus, Tnuial Response and VerxUnne Response In summary of tho 
niatcnnl so for cov ored it may be said that tho effects of veratrine on nerve and 
skeletal muscle are m moat respects the same The effects of vcratime on tho 
ksart ore m some ways similar to those on nerve and muscle If the dose of 
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veratrme is not too large, a characteristic group of phenomena occurs when all- 
or-none responses are set up With larger doses, additional phenomena arise, 
mvolvmg a failure of vanous features of cellular activity 

In moderately veratnnized, resting nerve or skeletal muscle no sinking ab- 
nonnahty is evident The oxygen uptake may be unaffected or shghtly elevated 
(183, 229, 242) and the demarcation potential may be shghtly raised or lowered 
High concentrations of veratrme (I 1600 or more) poison certam oxidatn e sys- 
tems in mammahan hver brei or shoes (17) 

Even when all-or-none responses are set up, the mitial response is not stnbngly 
different from the normal It consists of a conducted disturbance characterized 
by a spike potential and, m muscle, a wave of contraction The spike is often 
somewhat larger than normal, but the absolute and relative refractoriness 
of the fibers is not sigmficantly changed (94, 97) The electncal excitabihty 
as tested with condenser discharges may be shghtly elevated The closmg anodal 
threshold is significantly dirmnished and may be lower than the closmg cathodal 
threshold 

Only after the mitial response do the stnkmg effects of veratnmzation show 
themselves The mitial spike is followed by augmented negative afterpotential, 
prolonged supernormal excitabihty, and a long volley of additional spikes, the 
repetitive response, accompanied m skeletal muscle by tetamc contraction 

The veratrme response is therefore probably the result of conditionB set up 
by theimtiaJ all-or-none response rather than a direct consequence of the apphed 
stimulus Support for this view imght be drawn from the lack of effect of vera- 
tnne upon the summation of sublimmal stimuh as tested by parrs of shocks 
(84, 95) Gasser (84) has shown, however, that when tested by smgle shocks 
after subhmmal tetam, frog nenm shows a prolonged penod of elevated excit- 
abihty despite the absence of precedmg all-or-none response To this property 
of nerve he mainly attnbuted the enhancement by veratrme of the recrmtment 
of nerve fibers (section VI, K) This effect of subhmmal tetam upon excitabihty 
IS Rimilnr to the action of veratrme on the supemormahty which follows the spike 
Nevertheless, the veratiine response occurs m a stnkmg form when a smgle su- 
prathreshold shock, or at the most two or three shocks, are apphed This action 
of veratrme on excitabihty therefore does not account for the veratrme response 
This IS borne out by the absence of effect on the veratrme response of electncal 
stimuh supramaxinial wuth respect to the mitial response (7) The veratrme 
response is a function of all-or-none responses and bears little direct relation to 
the stimulus 

I The Closing Tetanus and Accommodaiton Kodera and 
struck by the analogy betw een the slow response occumng m 
muscle wuth long shocks of many times rheobasic strength, and the “closmg 
tetanus” observed m normal frog nenm or muscle Avith sumlar stimuh By 
extrapolatmg irom weak veratrme to no veratrme at all, they proposed that tw 
drug acts on the mechanism responsible for the “closmg tetanus, mcreasmg 
electncal excitabihty until the prolonged response becomes the predomma^^e, 
even when shocks of the usual strength and duration are used The stnJong 


BrQcke (149) were 

w eakly veratnnized 
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aspect of the veratime responfle, however, is its persistence long after the decay 
of the bncf sbraulus ■which elicited it In contrast to this, the "closing tetanus” 
lasts litUe longer than the current which elicited it 
An effect of \eratnne on the excitable mechanism of nerve responsible for the 
"dosmg tetanus” of the indirectly stimulated muscle is apparent from tiie work 
of Rosenblueth and del Poso (217) They studied accommodation m circulated 
mainioalian nerves stimulated by exponentially nsmg currents. In normal nerve 
they demonstrated a clear difference between the brief twitches produced by 
rapidly nsmg currents and the longer responses to slowl> nsmg currents As the 
rate of current nse of successive stimoh to the nerve was decreased (the voltage 
being increased so that the hei^t of aubmaxunal muscle response reraamed con 
fftant), the responses were quick twitches down to a certain rate of current nse, 
while beyond this rate they were slowly nsmg and prolonged. At the same pomt 
the curve relating the necessary voltage at the vanous rates of current nse has a 
break in its contmmty Nerve therefore contains two excitable entities, both 
hivolvmg conducted disturbances, one of which accommodates qmckly and is 
associated with a brief twitch of the muscle, while the other accommodates slowly 
and is associated with a tatamo discharge lasting throughout the appheation of 
current. There can be httle doubt that the latter, here studied in relation to 
riowly neing currents, is the exatabflity of the "closing tetanus ” when studied 
with direct current pulses (see also 238) 

Veratnne was found to change the accommodation of ner\e chiefly with 
respect to this latter component, so that with a given rate of nse much less peak 
voltage was necessary m order to produce a prolonged response (217) 

In veratruured muscle, as m nerve, a slowly accommodating response "with 
rriatively low threshold occurs During the passage of a relatively weak con 
stant CTirrent throng ^*eratnmEed frog muscle, Meirowskj (181) observed a 
ni^chamcal response with ■wave-Uke ■variations in mtensity 
Since the prolonged vemtiine respninso can occur on stimulation ■with brief 
shocks no stronger than those required to eheit amgle impulses in normal nerves 
wid muscles, it is impossible to attribute the repetitii^e response to a failure to 
accommodate to a steady stimulus applied from outside Conceivably, the 
augmented negative ofterpotcntinl resulting from the mitial impulse might have 
the effect of an electrical current applied from outside Against this possibibty 
stands the relativclj slight change m the excitabiUty of the slowlj accomraodathiB 
mechanism (68 217) Moreover, in the single muscle fiber, each repetitive spike 
bnefl\ annuls the negative nfterpotential of the previous spike before its own 
uegnlue afterpotcntial begins to grow (167) Hence the ncgntint> appears to 
he interrupted rather than sustained in tlie single fiber, and a reactivation seems 
more ULclj than a failure of accommodation For these reasons it seems ira 
pmhable that the change of accommodation produced b^ ^c^^l^nc contributes 
fo the production of the rcpctitiv e response 
J Factors ifeding the Veratnne Response "UTiatei-er the\ ma> bo, the re- 
sults of all*or none response which are so strikinglj affected bj ^ cratrme are less 
®ful)le than the nll-or-nono response itself Summation, fatigue, and the 
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influence of environmental changes affect the veratrme response to a greater 
degree than the all-or-none response 

1 Summaiton Kodera and Brucke (149), confirmed by Hou (117), observed 
that weakly veratrimzed frog muscle, when curanzed, had two distinct excit- 
ability curves, depending on what t 3 rpe of response was taken as an end point 
With stunuh of a certam duration apphed successively at mcreasing strengths, 
the first response to be seen was a simple twntch as m the normal Only when 
the strength was much greater did the slow veratrme response appear Strength- 
duration curves plotted m the conventional manner for the veratrme response 
lay above and to the right of those constructed with the twitch as an end point 
Indeed, the rhfeobase of the veratrme response might be as much as 100 tunes that 
of the twitch and the time constant of excitabihty of the former 20 tunes that of 
the latter As the concentration of veratrme apphed to the muscle was mcreased, 
there was httle change m the twitch excitabihty, but that of the veratrme re- 
sponse increased with respect to strength as well as duration until the two ex- 
citabdities were mdistmgmshable, i e , any effective shock elicited a veratrme 
response 

A very similar dichotomy of excitabihties was descnbed by Bremer (33) m 
cormection with his “neuromuscular contracture,” namely, that smgle twitches 
occurred with shocks of relatively short duration, while long shocks produced 
veratnmc responses (although no veratrme was present) The necessary con- 
dition of Bremer’s veratnmc “neuromuscular contracture” is stimulation of the 
frog nerve by two shocks separated by a bnef mterval Smce strong shocks of 
sufficient duration are knmvn to set up repetitive firmg m frog nerves at a suffi- 
ciently rapid rate, it seems hkely that the prolonged responses of Kodera and 
BrQcke (149) have the same imtiatmg mechanism as Bremer’s phenomenon It 
has many times been demonstrated that ivith weak veratrmization a pau of 
stunuh dehvered at a short mterval may ehcit a typical veratrme response, when 
one stimulus produces only a bnef twitch Thus the excitabihty curves plotted 
by Kodera and Brucke (149) for veratrme responses may represent the strength 
and duration of shocks ivhich produce repetitive response m the nerve The rdle 
of veratrme would then be to render the nerve self-reactivatmg When the vera- 
tnmzation is w eak, a summation of the effects of two maximal stunuh may be 
necessary to demonstrate the self-reactivation 

2 Fatigue When a smgle all-or-none response is ehcited from a moderately 
veratnmzed nerve or muscle, the augmented negative afterpotential immediately 
grows, supernormal excitabihty is demonstrable and the volley of repetitive all- 
or-none responses follows, each additional response addmg its veratrme effects to 
the previous ones Whereas m the early part of this complex veratrme response 
a summation is apparent from a still-growmg negative afterpotential and an 
acceleration of the repetitive spikes, very soon the response passes a nmximi^ 
and gradually wanes In smgle fibers (68, 67) and m the conduction tissue o c 
heart (90), the rate of repetitive activity dummshes shghtly and then suddenly 
ceases In multi-fibered nerves or muscles, the wamng of the veratrme response 
may last for thirty seconds or more, and full recovery^ may not occur for as long 
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as five mmutes Thus the veratnne renpoDBe, whilo at the begmmng Beermngly 
self perpeteating, is eventually self lumting 
If additional stimuli are apphed before recovery is complete, the resulting 
initial response is normal soon after the relatively refractory period, although tor 
some time spike magnitude may be decreased (section VI, B2) The veratnne 
rtspoaBe is, however, more or less mtensified 
For stimuli apphed after the maximum of the veratnne response, the later they 
are appRod, the greater is the mtonsification of the veratrme response It stimuh 
are apphed regularly at suitable mtervals, this mtensification is progressively 
lessened Thus the veratrme component of the response to each successivo shock 
is dinmuahed, until, at moderate rates of stimulation it may after a few shocks 
entirely disappear The normal all-or none spike or twitch remains, without 
augmented negative afterpotential, supemormahty, or repetitive responso 
Urns, while the all-or-noae responses to electncal stimuh remain normal, the 
veratnne component has fatigued 

3 Other Fadort An instability of the veratnne response as compared to that 
of the all-or none respcmso is observed also when the physical or chenoical environ 
ment of the tissue is changed The negative afterpotential, the mechanical 
veratrme re^ionse of muscle, and the repetitive response of nerve are more sen 
Btive than the spike or twitch to cold, to anona (68, 97, 162, 187), and to carbon 
monoxide (229) The recovery of negative afterpotontial after cold is slower 
than that of the spike, and after anoxia or durmg illumination of nerves treated 
with carbon monoxide, the negative afterpotential, unlike the spike, rises tem 
porarily to a higher level than before the poisoning 
Changes m the common morganic ions afifeot the veratrine response to a greater 
degree than the all-or-none response A comparison of the effects of veratnne 
with those of the common morgamo ions shows that the effects of veratrme cannot 
be due to a snnpie imitation or exaggeration of the effects of any one of these 
Yet there are important relations between some of these ions and veratrme For 
example, the effects of veratrine are sensitive to changes in calcnim concentration 
the perfuamg or bathing flmd When lack of calcium has weakened the beat 
of the frog heart, veratnim alkaloids restore the beat to normal (164, 180, 182, 
204, 207) (section V, El) On the other hand, lack of calcium favors tho produc- 
tion of cardiac irregularities by veratrme (207) Thus in the heart with respect 
to contraction, calcium and veratrine are synergists, but with respect to cxcita 
tion and conduction, they are antagonists 
In nerve and musclo the antagonism of calcium to most of the effects of vera 
time is marked The dose of veratrme necessary to produce a minimal veratrine 
^^•PODse m excised frog muscle is a contmuous function of the calcium content 
of the bathmg fluid A change of calaum chloride content from 0 1 to 0.6 per 
cent multiphes by ten the minimql dose of veratrme (63, 68, 163, 187) 

^is antagonism recalis the genorabxatlon that caicium stabflircs biological 
membranes Calaum lack may bo associated with spontaneous discharge of 
tierve or muscle impulses and a marked diminution of accommodation With 
veratnne, spontaneous dischargo is absent and tho accommodation is i 
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markedly changed Lack of calcium does, however, sometimes lead to responses 
somewhat remimscent of the veratrme response (162) Calcium opposes the 
dimmution of demarcation potential produced by veratrme or potassium (102) 
It also opposes the excitatory effect of potassium m frog muscle when this is 
favored by veratrme (11, 107) Calcium counteracts the paralyzmg action of 
strong concentrations of veratrme on the frog nerve-muscle preparation (66) 
Citmg experiments on dogs Bacq and Goffart (14) advocated the use of calcium 
salts together with magnesium salts for combattmg the toxic effects of veratrum 
alkaloids 

In some respects the antagonism of calcium to veratrme m nerve is replaced by 
a similanty of effects A high calcium content of the bathmg flmd favors tie 
appearance of recruitment m nerve fibers (84, 265) High calcium concentra- 
tion also enhances the negative afterpotential and lengthens the supernormal 
penod of frog nerve (93) Veratrme produces these same effects, hut to a greater 
degree (section VI, B3 and C) 

The relations of veratrme with potassium are as tangled as those with calcium 
The dose of veratrme necessary to produce a rmnimal veratrme response on elec- 
trical stimulation m frog muscle mcreases with the potassium content of the bath- 
mg fluid (187, 248, see also Boehm, 27) Potassium also dnnmishes the negative 
afterpotential and repetitive activity of the conduction tissue of the dog’s heart 
(90) On the other hand, veratrme sensitizes smooth and striated musples, 
nerve, and probably also certam receptors to the stunulatmg action of potassium 
(8, 11, 107, 188, 216, 237) With respect to this action m muscle calcium antag- 
omzes the effects of veratrme, i e , desensitizes the muscle to potassium The 
theoretical importance of the sensitization to potassium will be discussed m sec- 
tion VI, L 

Magnesium and strontium, like calcium, oppose the effects of veratrme (H, 
102, 134, 184, 185, 186, 248) Banum, however, may cause repetitive responses 
somewhat similar to veratrme responses (54, 70, 91, 248), and veratrme sensitizes 
certam responses to banum and to rubidium, as to potassium (8, 11) 

Qmnme is antagomstic to veratrme m several ways It decreases the mechan- 
ical responses and the repetitive spikes of veratrmized muscle When larger 
doses of veratrme are used, qumme opposes the block of conduction which en- 
sues Whereas stimulation of non-veratrmized muscle by potassium is relatively 
imaffected by qumme, the sensitization of muscle to potassium by veratrme is 
mipeded by qumme (106, 187, 188, 248) In these relations to veratrme it 

resembles calcium . 

Qumme possesses a rather general action agamst repetitive responses WMe 
enhancmg twitch tension and the spike potential m normal muscle, it diminishes 
the tension of tetam and the correspondmg spikes The repetitive respons^ o 
physostigminized muscle stimulated mdirectly are abohshed (106) Fibnlla on 
m the heart is opposed Several muscular phenomena smular to the veratrme 
regionse are also antagonized by qumme, namely, Bremer’s "neuromusc^ar co 
tracture” (34), myotoma of man and goats (144, 150), and the jj 

sponses to O-phenanthroate and dihydronaphthacndme carbomc acid ( ) tsec 

VI, M) 
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A dhrEiBO group of drugs which has been reported to antagonue veratnne ef 
fectfl in muscle need only be listed cholesterol (173), atropine (107, 168, 211, 
348), pilocarpine (168), santonin (248), camphor (231, 260), cocaine and pro* 
caine (211, 231), sahcylate, and tyroeme oster (230) According to Mochens 
(173) ledthm enhances the action of veratnne m muscle 

K. InUradton^ RecruitmeTUy and the Ttoo Peaked Myogrtmi The responses of 
nerve and muscle fibers after conduction are normally all-or none m character, 
and there is vahd evidence that each fiber is normally insulated from its neighbor 
in nerve trunks and muscles, so that each impulse passes to the end of 
its individual fiber without stunulatmg other fibers Accordingly the height of 
contraction of a muscle m a smgle twitch has been generally considered to be 
rather stnctly a function of the number of fibers stimulated The same laws 
cannot be apphed to the veratnne response of frog muscle (18, 162, 162) With 
stimuli of mcreaamg strength, from threshold to maximal, apphed to curanxed 
and veratmuzed muscle, the rate of mcrease of the early, twitch like part of the 
nifichanogram is much like the normal, but that of the late, prolonged part fol- 
lows a different course Thus the response to a slightly suprahmmal stimulus 
coaaarts of a relatively marked twiteh like phase and hardly any prolonged con 
tractian, but with mcreasmgly stronger stimuh the proportion between the pro- 
longed contractaon and the twitch grows steadily If we take the height of the 
twitch Uke phase to represent the number of fibers stimulated, then the amount 
of prolonged contraction per stimulated fiber mcreases with the number of fibers 
stimulated (see also (^endo, 203) 

In 1631, WysB (265) suggested that xmder the influence of veratnne the im 
poises in muscle fibers are transmitted to adjacent fibers This mechanism 
^TOuld explam the phenomenon described above if the exatation of ncighbonng 
fibers is subject to summation In this case a few scattered fibers activated by 
the stimulus would produce little effect on unstunulated fiber* and hence httle 
after effect, but with a greater density of mibnlly active fibers the effect on neigh 
bonng fibers would be sufficient to excite some of these These additional im 
pulses would augment the exatatoiy influence of the imtially active group on 
other fibers not >et rendered active Herinen (111) tested this theorj by 
eliciting twitches of identical submaxunal height in veratnnised muscle 'svith 
stimuli from localired and from diffuse electrodes. The twitch from diffuse elec 
trodes was followed by a longer lasting and greater v eratnne component than 
that from localized electrodes If all the fiber* within a certain radius from the 
locahicd cathode were excited In the latter case, only a few fibers beyond the 
penphery of this field would be available for the excitatory effect of adjacent 
*cfive fibers If, on the other hand an adequate density of initially active fiber* 
were interspersed with inactive ones the conditions would be favorable for stun 
Dlahon of the Inactn'c fiber* b> adjacent, active ones 

^Vhercas the theory of interaction among muscle fiber* remains in this specula- 
tive plane, interaction among nerve axons is supported by clear cipcnmontal 
Feng and Li (69) showed that itiralnnc may cause the activity of some 
fibers of a nene trunk to initiate activity in adjacent fibers. They stimulated 
ventral root (A) and recorded from another (B), both ha\Tng been r-* — 
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trally and the nerve trunk mto which they both led having been cut penpherally 
Without veratnne, stimulation at A produced no response from the fibers of B, 
apphcation of veratnne to the common nerve trunk led to the appearance of 
impulses at B, 4 to 30 milhseconds after stimulation at A 
Veratnne enhances and prolongs changes favonng mteraction among fibers 
observed m non-veratrmized nerve (214) If the excitabihty of a zone of normal 
nerve trunk is raised by one of several methods, the passage of impulses along 
some of these fibers induces activity m other fibers at this zone The new im- 
pulses anse either dunng the nsmg phase of the spike potential, or after the spike 
potential (see 178, 214, for references) If veratnne is present, the passage of 
iippiilses m the conditionmg fibers mduces such marked excitation m the test 
fibers that new impulses anse m the latter 
A phenomenon resembhng mteraction, which is similarly enhanced by 
veratnne, is what Gasser (84) designated as recrmtment of nerve fibers If a 
nerve trunk is stimulated with submaximal electnc shocks at a relatively high 
frequency, the number of nerve fibers respondmg to the stimuh gradually 
mcreases as more and more previously mactive fibers are recrmted Factors 
which favor the negative afterpotential also favor this phenomenon After 
veratrmization, a remarkable degree of recnutment occurs with notably lower 
frequencies of stimulation than m normal nerve Gasser attnbuted this mainly 
to a lengthened penod of summation of subliminal stunuh, which he demon- 
strated to be present by testmg the excitabihty of the nerve after a subliminal 
tetanus Rosenblueth (215), however, showed that recruitment occurs mde- 
pendently of the apphed electncal stimuh He therefore attnbuted recrmtment 
mainly to the mfluence of responses m the lower-threshold fibers on their not-yet- 
recrmted neighbors, that is, to mteraction among nerve fibers 

The effect of veratnne upon the mteraction among fibers, if it apphes as well 
to muscle fibers as it does to nerve fibers, suggests an explanation for the two- 
peaked mechanogram of veratnnized frog muscle When the dose of veratnne 
is relatively small, a smgle maximal stimulus to the nerve or muscle ehcits a 
twitch-hke initial contraction and partial relaxation, followed by a slow second- 
ary rise and fall (see Boehm, 27) The electrogram of a multifibered muscle m 
t.hiR condition show's a pause between the synchronous mitml spike and the 
repetitive discharge of some of the fibers (58) 

If only a few fibers are sufficiently veratrimzed to respond repetitively when a 
smgle impulse is ehcited m them, the first repetitive response of these may be 
expected to add its excitatory effect to whatever sublimmal excitatoiy state 
remams in the fibers which did not respond repetitively Some of the latter 
may be expected to respond to this summation with all-or-none responses, 
and the excitatory effects of these would affect stdl other previously non 
repetitive fibers Thus by the mteraction and summation peculiar 
veratrimzed tissue, a progressively greater fraction of the muscle would hecon^ 
mvolved m an mtense veratnne response Hence the ongmal maximal twi ^ 
would give way, first to a partial relaxation because at the beginning only a 
fibers fire repetitively, but then to a progressive mcrease of contraction as mo 
and more fibers are recrmted 
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The repcUbve responee bo oharactonstac of veratnnued nerve and muscle may 
result from the eame condibona that render the mteraotion among nerve fibers 
so prominent. Since responses in Bomo fibers of a veratnnised nerve trunk can 
BO markedly affect other fibers as to ehcit now responses from them, the settmg 
up by the imtlal response of additional responses in the same fiber should also 
occur For this it is necessary that the excitatory state resulting from the liutial 
leaponae should outlast the refractory period, and should be capable of actmg 
on the same fiber at least as readily as It does on neighboring fibers Smce even 
in non vemtrmised nerve a slight exatatory mteraction is present which outlasts 
the refractory period of the conditioning fiber, the first of these conditions is 
probebly satisfied The distance of even the closest neighboring fibers should 
attenuate the excitatory mftuence, and hence the conrhtionmg fiber itself, if 
Busceptible, should be more strongly affected then its neighbors 

Since the possibility exists that repetition and interaction depend on the 
Baao exatatory effect of the imtial response m veratnnised nerve and muscle, 
any clue to the mechanism of mteraction may provide solutions to many aspects 
of the veratrme problem. 

The rblo of the electnc potentials of the conditioning fibers m causmg excitation 
of then neighboring fibers is difficult to analyse m vcratnmsed nerve Recnut- 
oent and interaction occur m nerves which show more or less repetibve responses 
to single shocks and more or less of the augmented negative aftcrpotential 
It is generally agreed that in non veratnnised nerve the electxotonic effects of 
the spike pot^tial of some fibers on their neighbors is responsible for a rise and a 
subsequent fall of exatabihty of the latter The mitial spike has the same effect 
hi vetntnnmed nerve (216) In the repetitive response, honever, many spikes 
occur in the active fibers nsynohranously for a long penod That the exatatory 
state set up by these spikes m ndghbormg fibers may play some rftle m mteraction 
■s suggested by the fact that interaction is poor when a dunmution of spike 
smplitudo accompames the veratrine response (214) A senes of spikes m one 
fiber might be expected to have the same effect on a nearby fiber as a subliminal 
tetanus, and hence lead in the vcratnmsed nerve to the long penod of moreased 
excitability which Gasser (84) detected in these conditions 

The explanation of the late phase of mteraction m nom eratrimsed nerves is 
controversial Marrarn and Lorentc de N6 (178) attributed it to prolonged 
elcctrotonio effects smiilar to those hneflj desoribed by Loren te de N6 and Davis 
(170) after the apphcation of direct current In the veratnnised nerve, the 
ahnormal development of the negative aftcrpotential contributes to the diffi 
cullies of analysiB of mteraction Gasser (84) noted that the factors known 
to augment the negative afterpotcntial — among them, \emtrine being the most 
prominent— favored the appearance of the phenomenon of recruitment But 
uileraction in veratnmsed nerw may be poor when the ncgatii e afterpotcntial 
^ pronounced, and vice wrsa, it may be pronounced when the negative after 
potential is only shghtlj greater than that of normal nerve Furthermore, m 
non veratnmsed nen-o the late phase of interaction docs not follow the course 
ut the aftcrpotcntials and ifl as great so that occurring durmg the spike, despite 
the small amphtude of the afterpotentials in these conditions (214) These 
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discrepancies impelled Rosenblueth (214) to dismiss the theory that the late 
phase of interaction depends upon changes of the inactive fibers resulting from 
the electrical potentials of the active fibers He proposed that the late interac 
taon 18 due to a chemical substance, released from the active fibers as the impulses 
pass by and diffusmg to the inactive fibers, there to act m an excitatoiy manner 

In another field, that of neuro-effector transmission, considerable advance 
resulted when Otto Loewi conceived the simple but effective experiment of 
detemunmg the effect of the products of stimulation of the nerves of a donor 
heart by perfusmg the fluid from this heart through a test heart Perhaps the 
same contnbution to the problem of mteraction between veratmused fibers has 
been made by Szent-Gyorgyi, Bacq, and Goffart (245) They perfused the 
veratnnized hmd legs of a frog and led the perfusate through the veratnnised 
hmd legs of another frog When the muscles of the donor frog were stimulated, 
they responded m the typical veratnne manner And when the flmd which was 
perfusmg the donor preparation duiing its veratnne response reached the test 
preparation the latter ^o showed mruscular contraction Curanzation did not 
mterfere with the phenomenon Miyake (188) has confirmed these results 
Hence activity of the veratrmized donor muscles imparted to the perfusion 
flmd the power of excitmg activity m the veratnmzed test muscles Here the 
electncal field of the donor muscles cannot act on the test muscles The exciting 
influence, whether released mto the perfusmg flmd from the active musdes, or 
by their activity unmasked, must be a chemical change earned by the perfusion 
stream And smee chemical mteraction is effective m this way between distant 
muscle fibers, it can also be effective between nearby fibers 

L Theories of the Veratnne Response Enough has been stated to make it 
plam that the veratnne response is a result of conditions set up by the imtial 
all-or-none response of muscle and nerve The hterature as to the theory of the 
veratnne effect is devoted mainly to the nature of these conditions 

The theones that the v eratnne effect is due to some mcrease of or sensitization 
to the potentials developed m nerve and muscle as a result of the all-or-none 
response have been discussed m section VI, D and E Veratnne does affect 
markedly the negative after-potentials m nerve and muscle and also mcreases 
the excitability of these elements to electnc current Despite the discrepant 
experimental results listed m section VI, D, these electrical theones cannot at 
present be dismissed They do not attempt, however, to analyze the physico- 
chemical mechanism by w hich veratnne renders abnormal these potentials or 
this excitabihty 

The chemical theones of the veratnne response suppose that ali-oi-none 
responses of veratnmzed nerves or muscles cause chemical changes m the ce 
environment which are responsible for the pecuhanties of the veratnne 
One such theory is that of von Frey (78) and La mm (162), who propo ® 
veratnne is itself changed as a result of the all-or-none response of muse e m ^ 

a substance which produces further contraction In support of this view ^ 

cited two expenments In one, he mixed a quantity of x eratnne wi 
muscle and then extracted the muscle with ether TVTien he redisso ' 
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ethef extract and assayed it on the frog sartonus, he recovered more veratnne 
acdvity than was accounted for by the quantity of veratnne ongmally added to 
the muscle. The result of this experiment needs confirmation usmg pure veratrum 
alkaloids In the other experiment, T/imm immersed a succession of muscles 
la Emgcr's solution containing originally a certain concentration of veratrme 
and measured for each muscle the time of immersion before a Tnlmtnnl veratnne 
response occurred on dectncal stimulation The second, third, and fourth 
muscles required successively bnefer immersion before the veratnne effect was 
evident. The later muscles of the senes required successively longer immersion 
until finally no veratnne response could be elicited Tnmm ’n mterpretabon of 
these results was that contact of the veratnne with muscles changed the veratnne 
mto a more potent form, at the same time firing some of it m the muscle sub 
atance 

Verifir and Felter (252) could not accept the theory of von Fray and Lamm 
that veratnne was chemically changed by the muscle because so many substances 
of diverse chemical nature hav e the same effect as v eratnne As an alternative, 
they suggested that veratnne and these other substanoes render the muscle more 
permeable to a stimulating substance released as a result of the twitch They 
Kere aware of the supernormal penod of non veratnnised tissues and were 
actually proposing that supemormahty is the result of this stimiilatmg sub- 
atanco Fatigue of the veratrme effect would occur, accordmg to their view, 
when the stimulating substance has penetrated mto the muscle cells They had 
Dothmg to say about* the ohermcal nature of this stimulating substance 

The experiment of Srent-GySrgyi, Bacq and Goffart (245) described on p 
430 suggested the possibility of identifymg a stimulating substance released 
from muscle dunng the veratrine response Since the stimulatmg substance 
has its effect on the test frog muscles even after complete curarisation (13), it 
Mnnot be acetylcholme, whose stimolatmg effect on muscle is abolished by 
™raie Moreover, acetylcholme from the test rausole would be largely destroyed 
hi the course of the perfusion by the tissue cholmesteraae. In certom concentra 
fions veratndlne and veratane have antniohnesterase activity (9, 193) 
Veratrme does not, however, change the threshold of muscle to acetylchoUno 
(37, 187) 

Since the responses of the test muscles resembled those seen nhen thepotns- 
Orun ion content of the perfusion fluid is elevated, the bchamor of potassium 
rras investigated (13) It was found that the potassium content of the porfusiob 
fhiid conung from the donor muscles dunng muscular activity was enough to 
stimulate the muscles of the v eratnmscd test frog If fresh perfusion flmd whose 
Potasaum content hnd been elevated to the level found m the perfusate of the 
stimulated donor muscles was perfused through veratnnixevl test muscles, rc- 
were produced m tlic latter which matched those seen m the experiment 
of Stnit43v Srgyi, Bacq, and Goffart (245) Vcratnmcition of the donor muscles 
“ereased only slightly the potassium content of the perfusate from unstimulntcd 
or stimulated muscles The mam rvilc of vemtnne was the sensitisation of the 
'S'! muscles to potassium (section tT, J3) Thus tetanic muscular nctivitv 
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can release enough potassium ion to stimulate a distant veratruuzcd muscle even 
after dilution m the perfusion fluid 

On the basis of these results Bacq (11) proposed that potassium ion is the 
stimulatmg substance released by the all-or-none response of veratnmzed muscle 
which accounts for the veratnne response When apphed to muscle m high 
enough concentration, potassium ion ehcits all-or-none responses Denervation 
and curanzation do not mterfere inth these effects During contraction muscle 
loses some of its abundant mtracellular potassium m exchange for sodium 
(71). Bacq supposed that the potassium hberated at the surface of the normal 
muscle cell as a result of the twitch is quickly rendered mcapable of restimulatmg 
the muscle cell Veratnne would then impede the mactivation of potassium 
and hence permit it to produce a second response from the muscle This response 
would of course release more potassium, which would then mtensify the re- 
stimulatmg effect Thus veratnne would render the muscle self-reactivatmg 
by mak ing the potassium released with the mitial twitch an effective stunulatmg 
agent 

In mvestigatmg the mechanism of the late phase of mteraction among nerve 
fibers, Rosenblueth (214) considered the possibihty that potassium released 
from the conditionmg fiber might change the excitabihty of the tested fiber 
Potassium ion mjected mto the circulation of the nerve favors interaction This 
action IS accentuated by veratnne, and veratnne sensitizes the nerve to fins 
action of potassium Rosenblueth therefore tentatively proposed that the late 
phase of mteraction betv'een nerve fibers is due to the diffusion of potassium 
from the active fibers to nearby mactive ones The enhancement of mteraction 
by veratnne might then be due partly to the repetitive activity of the condition 
mg fibers and partly to the sensitization of the test fibers to potassium 

The potassium theory of the veratnne response should be considered at present 
as no more than a workmg hypothesis Accordmg to the argument of Bacq 
(11) it would account for repetitive response to smgle, bnef stimuli Rosen- 
blueth’s (214) eiqienments make it a plausible explanation of mteraction Yet 
recrmtment, a phenomenon closely related to interaction m at least some re- 
spects, IS opposed by potassium and enhanced by calcium (84, 266) Moreover, 
potassium m concentrations near that of physiological fluids opposes the action 
of veratnne Smce potassium decreases the demarcation potential, it is con 
ceivable that potassium remaming m relatively high concentrations outside 6 
nerve, as supposed m Bacq’s theory, might account for the negative afto 
potential The depressmg effect of potassium on the spike potential mi^ 
also account for the dimmution of spike amphtude observed after the mi^ 
spike m the veratnne response Yet increasmg the potassium conte^ o ^ 
bathmg fluid decreases the negative afterpotential of non-veratrmized ne^ 
(93) The potassium theory also fails to account for the mcreased 
of the penod of afterpotentmls demonstrated in nerve by Schimtt 
(229) Guamdme and acomtme also sensitize muscle to potassuun (11. 1 
yet their action is not identical vuth that of veratnne ^ 

M Veralnnic Responses The effects of veratnne on the frog's gastrocn 
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AH) so striking and so easy to demonstrate that the rile of this particular mixture 
of aSalcsda m bringing about the chamcteristio response is apt to be over 
emphasued There are many other ways of producing responses similnr to the 
Tsratrme response. Smce responses which resemble those produced by musca 
nne or nicotine are called muscarmic or mcotmic, it seems proper to designate 
those which resemble the vemtnne responeo ns veratnmc 

Most of the veratnmc responses have been less completely analysed than the 
veiatnne response itself Hence the concepts developed for the latter have been 
applied to the former In general these veratrmio responses have been inter 
prcted as contractures on the basis of the same sort of evidence which led to the 
opinion that the veratnne response is a contracture In a few instanoes this 
interpretation has been revised on the same basis which led to the revision of the 
opinion on the \ eratrme response. In others the crucial experiments have not 
been performed 

A group of veratrmio responses has been shown to occur m the absence of any 
phannacological agent. Occasionally otherwise normal amphibian muscles 
have been reported to respond to single slightly supramaximal mduction shocks 
with a veratrmio myt^ram (81) which, like the veratnne myogram itself, dimin 
Hies With repeated atanulation untd it resembles the normal twitch The 
variables which favor the appearance of this phenomenon in some frogs and not 
m others are httie understood 

Bremer (33) has studied another such phenomenon, which he called “neuro- 
tnuBcular contracture " It occurs in a certam proportion of frogs or toads The 
critical ciroumstance for its production is the arrival at the muscle, at an mterval 
of about 3 miUlseconds, of two atanuU The veratnmo response occurs on strmu 
labon via the nerve or on direct stimulation of the normal or curansed muscle 
Bremer was unable to find oscdlatory action potentials accompanymg the 
icsponse and hence called the phenomenon a contracture His apparatus, how 
ever, was too insenidtive to record fibrillaiy activity of the muscle The rile 
of summation and fatigue m Bremer’e phenomenon is similar to its rile In the 
veralnne response Qummo opppses Bremer’s phenomenon, as It does the 
irerntrine response (34) 

Eccics and O’Connor (68) observed ropotitive responses of a few of the fibers 
of cat muscles stimulated with ringle nervo vollej’s They were able to loeahio 
the discharges to the muscles rather than the nen cs Two nerve volleys at a 
brief interval produced repebtivo responses m a greater fraction of the fibers 

Tiegel's contracture has often been hkened to the voratnno response (22) 
It consists of a slow relaxation after the twitch produced by a veiy strong hut 
brief sintde electrical stimulus It is gencrallj fconsidcred to bo a contraoturo 
due to the direct effect of the strong stimulating current on tho contractile 
mechanism at the cathode. The similantics to the i emtrine response are not so 
utrikiag as m tho case of Bremer’s phenomenon (83) In view of tho change in 
tho status of the veratrine response, however, it seems dcsuable to reinvestigate 
with modern techmqucs the possibility that the response called Tiegcl’a con 
tractare maj bo propagated 
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In the clinical syndrome called myotonia the muscular response is stnkmgly 
hke the veratnne response Myotoma refers to the muscular responses occumng 
m persons with the faimhal diseases, Myotonia Congemta (Thomsen’s disease) 
and Atrophia Myotomca (Curschmann’s disease) (205) If these persons move 
slowly, their muscular contractions are normal Sudden or strong muscular 
efforts, however, lead to prolonged contraction of the muscles involved, or, from 
the pomt of view of the patient, to the mabihty to relax the muscles for a penod 
of many seconds After repeated efforts without rest, relaxation gradually 
returns, and normal control of the muscles is possible Thus with respect to 
summation and fatigue, myotome responses are much like veratnne responses 
The myotome response is accompamed by a repetitive finng of the mdividual 
muscle fibers, even when it is set up by smgle volleys m the motor nerve In 
the hereditary myotonia of goats, which is otherwise similar to the disease of 
man, the myotome response occurs, with repetitive discharge of the muscle, even 
after complete- curanzation and m denervated muscles (35) That this muscular 
phase of myotoma does not explain the whole syndrome m man is apparent from 
the work of Denny-Brown and Nevm (49) Another locus of abnormally 
prolonged activity must be mvoked, but it is not clear whether receptors, axons, 
or the central nervous system are the site of this abnonnahty 

The myotome muscle of man and goat gives unusually prolonged and vigorous 
responses on mechamcal stimulation This, mdeed, might be expected from 
muscles which respond m this manner to stimulation via the motor nerves But 
it has not been clearly demonstrated that there is actually an mcrease of mecham- 
cal excitabihty, i e , that less force is necessary to set off aU-or-none responses m 
these muscles 

In m3mtomc muscles, as m veratnmzed muscles, there is a relatively low anodm 
closmg threshold, which may be lower than the cathodal closmg threshold 
That the mechanism of accommodation of muscle is affected m myotoma as m 
veratnmzation is suggested by the slow contractions obtamed with direct current 
(62) 

Myotome responses are like veratnne responses m bemg antagomzeo y 
calcium and by quimne (144, 205) In myotome goats, the muscles are st^u 
lated by mtra-artenal doses of potassium chlonde one-tenth as great as t ose 
which are necessary m the muscles of normal goats (35) 

A second group of veratrmic responses may be produced by treatmg ^ 
with certam phaimacological agents Glycenn and other agents ^ 
drate frog muscle may produce a veratrmic response (228) Several al y 
mcludmg formaldehyde, and a number of morgamc ions, mcludmg ^'^nl- 

have been shown to do the same (145, 252) These effects of glycenn an ° 
dehyde are antagonized by quimne (187) Certam denvatives of co 
have been reported to have a veratrmic effect (80, 126) ^ 

Tetraethyd ammonium ion causes responses m frog and mammMan ^ , 
w'hich are mdistmguishable from those of veratnmzed nerves Smgle, 
ehcit repetitive responses with an augmented negative afterpotentia 
tion and fatigue of the veratrmic component are similar to those „ 

zation Accommodation is significantly affected, and the an 
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threshold B decreased until it nmy be lower than the cathodal cloamg threshold 
Calcium antagonizes the responses to tetraethyl ammonium (2, 41) Occasion 
allj a veratnmc mechanogram may be obtamed with this substance m the frog 
sartonus muscle (6) Tetraethyl ammomum resembles veratrum alkaloids also 
m causing a pombve motropio effect m the faihng mammalian heart and, with 
higher doses, cardiac irregularibea (4) On the blood pressure it has effects 
supcrfidallj similar to those of \’cratrum alknloids but due to a different mechan 
ism (6) 

In 9-pheiianthroato and some other 9-phenanthrene derivatives, Eddy (67) 
and Smith (239) found substances which in mammals cause a condibon like 
human myotonia No veratnmc mechanograms could be obtamed from frog 
muscle, but the mechanical response of rabbit muscle, sbmulnted directly or 
Indirectly, v as liko that found after veratnne After curarizabon, the veratnnio 
response occurred on direct stimulabon Summataon and fabgue occur m a 
man n er similar to that described above for veratnne Quinme opposes these 
veratrmio muscular effects tTnKke veratnne 9-phenanthroato has no effect 
on the arterial pressure and heart rate of anesthetized cats and dogs (3) 

Dihydronapththaendme carbomc acid and a group of related substances (32) 
resemble closely the 9 phenanthroate m its veratnmc effects (113) It produces 
a myottaio syndrome m mammals which is associated with veratnmc responses 
N skeletal muscles that persist on direct sbmulatJon after curantabon or denerva 
bon Summabon and fabgue of the \eratnmo component occur ns with 9- 
phenanthroato or m clmical myotonia Quinmo opposes the veratrmio muscular 
effects (3) Anodal cloemg threshold is tendered lower than cathodal cloemg 
threshold, and a slowly accommodatmg response occurs on sbmulabon of 
muscles with direct current (176) In Europe this substance was used under the 
name “Tetrophan” m clmical neurology when a strengthenmg of muscular 
contracbon was desired (see Foerstcr, 73) 

Gasser (83) states that the fact that such vaned chemical enbbes come mto a 
common group on the basis of their imitabon of the acbon of veratrm mdicates 
that they are rei coling a fundamental charactensbo of skeletal muscle " (Sec 
also 262) In the light of the discusdon of seobon VI, A3, p 412 we may tenta 
lively rci’isc this to apply also to nerve, or to the exatatory and conduebon 
system of nen e and skeletal muscle Further study may re\ oal dissunflaribes 
among the veratrmio responses which will lead to a better understandmg of this 
fundamental charactenstio * 
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ARTHROPOD NERVOUS SYSTEMS A REVIEW OF THEIR 
STRUCTURE AND FUNCTION* 

JOHN H WELSH avd WILLIAM SOHALLEK 
Hartard Unii^rtitv 

TTie immediate purpose of tliia review is to bring together such literature on 
arthropod nervous systems, and their phjsiolog^, os might focilitato studies on 
the mode of action of msocticides classed as neurotoxins Of the several classes 
of arthropods far more is kno\vn concerning the neurophj'siology of the Crustacea 
than of any other class This la duo largely to their more favorable size and their 
goieral distribution Smeo such Insecticides as the pyrethnns (Gaudm, 1937) 
and DDT (2^ biaCp-chlorophenjl) 1,1,1 triohlorethane) (Welsh, unpublished) 
ore more toxic to certam Crustacea than to insects, and amce each substance 
appears to act m a simflar manner in the two groups, it v. onld seem quite justi 
fiable to follow any suggestions which the studios on Crustacea offer m mvesti 
gatmg the mode of action of these and other insecticides 
In the development of animal poisons it is desirable to have a material with a 
highly selective action on the group to be dealt with* There are some etnkmg 
differences between the nervous systems of arthropods and vertebrates which 
should be kept m mmd Some of these are pomted out m the present review 
Aaido from any practical use Vrhich might be made of this review it stands as 
the only recent attempt to bnng together the literature in this field 
I Anatowcal. 1 Gross slruciurc Typically the arthropod nervous sj stem 
consists of t\oo longitudmal cords ventral to the digestive tract with a dorsal 
brain A pair of ganglia occur for each somite but where tho somites are fused 
there is often a fusion of these gan^ia, and where appendages are lackmg the 
ganglia may be absent Thus, m primitive Crustacea such as the "bnno 
shnmp”, AWemia, tho nervous system has a ladder hko form, while m higher 
UniBtacea and insects there is lateral fusion of tho parallel cords and ganglia and 
hi crabs and certain higher insects much lengthwise shortening of the cord 
and fusion and loss of ganglia. 

^Ihe bram Is composed of the ganglia of the somites which are preoral , of paired 
for certam prooral, presegmenta! sense organs (oj cs, frontal organs) , and 
aometimes of a median antenor element, tho archxcerebrum The principal ports 
of the bram are tho protocer^mm, deuiocerebrum and tntocerebntm Tho idcntitj 
of some of these ganglia may be lost in late stages of dc^ clopmont 
2. Oaierol arrangement of neurons Sensory neurons arc numerous m arth 
ropods and differ from vertebrates m having their cell bodies pcnphcraliy 
located They are generally bipolar The axons of sensory neurons enter tho 
ventral gangUo through tho t>cnZraI portion or “root” of a lateral nen e Numcr 

* Th3i review wu prepared as a part of a contract recotninended by tho Coniinittce on 
Medical Hesearch between tho Office of SclentiBo Research and Developmant and tho Free 
Idonl and Follows of Harvard College 
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ous association neurons are found m the gangha and most cell bodies belong to 
these, as the cell bodies of sensoiy neiurons are peripheral and those of motor 
neurons few m number Motor neurons are nearly all unipolar, them cell bodies 
are found m the penpheral portion of the ventral gangha and the irmm stalk 
from the cell divides mto a collateral and an axon filament The typically few 
motor fibers leave a ganghon by the dorsal “root” 

3 Peculiar features of neuromotor system Striking differences from other 
animals are found m the arthropod neuro-muscular arrangements In the first 
place an entire muscle may be innervated by branches from only two motor 
axons which may branch and rebranch to supply many endmgs on each muscle 
fiber This was first shown by Biedermann (1887) m Crustacea and later ex- 
tended by Mangold (1906) to a vanety of arthropods Biedermann su^ested 
that of the two nerve fibers one was excitatory and the other inhibitoiy This 
was confirmed by Hoffmaim (1914) for Crustacea Certam muscles of crus- 
taceans may be innervated by three, four, or five motor fibers (van Harreveld, 
1939c) When more than two motor fibers innervate a muscle all but one are 
excitatory and the stimulation of each separatel 3 ’- produces a characteristic 
contraction and action current (e g , van Harreveld and Wiersma, 1939) 

Much less is knowm about the motor innervation of insects than is known about 
the same m Crustacea Mangold (1905) using methylene blue staming de- 
scnbed a double innervation of the thoracic and leg muscles of Deciicus and 
of the wing muscles of Dyiiscus A recent study of the motor mechanism of the 
leg of Penplaneta by Pnngle (1939) descnbes a double mnervation of the extensor 
tibiae, one fiber producmg a tome contraction and the other a twitch He 
found no evidence for the existence of inhibitory fibers but suggests that such 
may possibly exist m some insect muscle It is obvious that further investigafion 
of the histology and physiology of motor innervation of msect muscle is desuable 

4 Nature of motor nerve endings By means of silver impregnation van 
Harreveld (1939a) studied the nerve endmgs on muscle fibers of the abductor of 
the dactylopodite of the crayfish This muscle has a double innervation (one 
fiber excitatory, the other inhibitoiy) It was found that these fibers branched 
and rebranched simultaneouslj' to end m a “tangle” of nerve fibers enveloping 
each muscle fiber A single muscle fiber, 3 5 mm long, was estimated to have at 
least forty nerve endmgs This is a situation very different from that in the 
vertebrates where much longer fibers usually have one and, at the most, but two 
or three nerve endmgs Evidence is presented by van Harreveld (1939a) indi- 
cating that at least part, and probably all, of the muscle fibers of a triply m 
nervated muscle receive branches from the fibers for the fast and for the slow 
contraction Further evidence for this, based on physiological experiments, 

will be presented later , 

Mutiple nerve endmgs on a smgle msect muscle fiber have been described by 
a number of authors — most recently perhaps by Marcu (1929) who foim ni 
muscle fibers (1 mm long) of the house fly as many as twenty nerve en ^ 

Van Harreveld (1939a) concludes that “the multiple mnervation of ^ 
muscle fiber makes it anatomically possible that the impulse is not con uc 
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tloog the moscle fiber as is the case in vertebrate muscle, but that m the crayfish 
(and probably the mseot) muscle the impulse is distnbuted by nerve conduction 
to a great number of pomta on the muscle fiber The action cmrent of the cray- 
fish muscle would then not be the sign of a conducted process m the muscle 
fiber, but of a local excitatory process " 

Wiadesworth (1939) says, regarding nerve endmgs m insect muscle, ‘Vhen 
the nerves reach the ordinary muscles they break up into smaller branches which 
peietrate between the fibers and have their final terminations anywhere along 
them The nerve often ends m a comcal projection, the ‘end plate* or Doyhre’s 
cone, the nerve fibre penetrates the sarcolemma and breaks up mto fine branches 
with varicose thickenings of all eises and shapes These ‘end plates* often con 
tarn nuclei belongmg to the nerve sheath or neurilemma, and strands of cytoplasm 
may radiate from them into the substance of the muscle fibre. In the fibrillar 
indirect muscles of the wings the nerve endings are difficult to find, probably they 
take the form of dehcate branches which end all over the fibre surface. Filiform 
endings of this kind may occur also m any of the types of muscle.” 

6 InnemUum of the heart Brief mention may be made concerning the m 
nervation of the arthropod heart smee this organ is frequently studied m con 
nection with drug and ion effects. 

Among the Crustacea the situation m the Decapods is best known. All 
manno decapods, thus far investigated, have an intnnac cardiac gangbon com 
posed of nine cells (five large and four smail) (AJexandrownez, 1932, Welsh, 1939) 
The crayfish has as many as sixteen cells composmg its cardiac ganglion (Alex 
androwics, 1929) Extrinsic excitatory and inhibitory nerves from ventral 
g^^giia (CNB) end on, and regulate the activity of, the intrinsic neurons (Alex 
androwica, 1932, Wiersma and Novitski, 1942, Smith, unpublished thesis)* 

Among the few lower Crustacea which have been studied, only m Daphnia are 
gan^omo pacemaker cells apparently lackmg m the heart (Prosser, 1942, 
Baylor, 1942) 

Smee the early classical studies of Carlson the IaitivIxU heart has been accepted 
M.a tj'plcal neurogenic heart with mtnnaio ganglion and cxtnnsic regulatory 
nerves This is the only arachnoid concerning which Information on motor 
regulation of the heart is at hand 

Concerning the presence of mtnnsio gangUomc cells m insect hearts one may 
refer to Wigglesworth (1939) or to Yeager and Gahan (1937) for all that seems to 
be known Aloxandrowica (1926) reports the presence of ganglionic heart cells 
^ a cockroach but most other workers have failed to obtain convmolng bis 
fological evidence of the presence of such cells m other species, Yeager and 
^'^'han (1937) suggest that the different effects of nicotine on Isolated hearts of 
Penplaneia and larval Prodenta may be duo to the presence of gangliraiic cells in 
the former and tboir absence m the latter In anj study in^ olving the cordme 
of insects the question of the occurrence of pacemaker neurons 
should bo given consideration 

•Smith R. I 1042 Studiei on the cardio-regulatory rtervea of decapod crnfltaceana 
Tteri*, narvMd Univertity 
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II The Nerve Cell and its Sheath Although the arthropod neuron was 
formerly beheved to differ considerably from that of the vertebrates, recent work 
has mdicated that the difference is one of degree rather thnn of kind The 
prmcipal mvestigations have been those of Schmitt and Bear, m which the 
polanzmg microscope was used to show that the crustacean nerve, hke that of 
the vertebrates, is surrounded bj a hpo-protem sheath These and other studies 
are reviewed m the foUowmg section Cyboplasmic structures m neurons of 
Orthoptera are discussed by Beams and Kmg (1932), while those of Crustacea 
are treated by Lacroix (1936) These papers contam references to earher work 
on this subject Among the characteristics distmguishmg the arthropod neuron 
from the vertebrate are the foUowmg 

1 Instead of convergmg to form an axon hillock near the penpheiy of the cell, 
the neurofibnllae form an mtracellular axon deep withm the cell body 

2 The Golgi apparatus does not form a reticulum, but is m discrete particles 

3 A supportmg network, known as the trophospongium, stretches inward from 
the border of the cell 

Although the mvertebrates were generally considered to have only unmy- 
ehnated nerves, Retzius (1888) found myelmated fibers m the crustacean Palae- 
mon squills Further work showed that as m the vertebrates, the myelin is 
broken by nodes between the sheath cells Unlike the vertebrates, the nucleated 
sheath cells are not outside the myelm, but he between it and the axon (Retzius, 
1890) In the leg nerves of Mata, on the other hand. Young (1936) foiuid that 
the axons “are enclosed m contmuous sheaths, formed of sheets of a collsgen- 
hke substance, mterspersed with nuclei, contaimng some fat, and umnterrupted by 
any breaks comparable with the nodes of Ranvier ” 

With the aid of the polanzmg nucroscope, Schnutt and Bear (1937) found that 
even the so-called “unmyehnated” fibers of vertebrates are myelinated In 
small fibers of the frog sciatic, the nerve sheath is mostly protem In fibers of 
progressively greater diamater, the amount of lipid m the sheath becomes pro- 
gressively greater Hence there is a contmuous gradation betw'een the small 
“unmyehnated” and the large myelmated fibers The hpid micelles are onented 
radially, the protem tangentially, to the cell axus 

Bear and Schmitt (1937) showed that the thm sheath of crustacean axons has 
the same properties as the myehn sheath of vertebrates By unmerEmg tho 
nerve m glycenne, which has the same refractive mdex as protem, the protem 
birefrmgence was reduced, reveahng the hpid onentation Similarly, by treat- 
ment with hpid solvents such as alcohol or ether, the hpids were removed revea 
mg the protem onentation These methods showed that the optical properties 
of the sheath are caused by 

1, a form birefrmgence resultmg from the shape and onentation of the protem 
nucelles, 

2, an mtnnsic birefnngence of the hpid micelles 

Further studies mdicated that m addition to their form birefngence, there is m 
mtnnsic birefngence of the protem micelles (Chinn and Schmitt, 1937) 
nerve cell bodies of crustaceans are enclosed m a thm sheath contmuous wi 
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(nd Bunilar in its optical properties to the axon sheath Oriented protein is also 
found in the cytoplasm and nuclear jnembrane (Chinn, 1038) 

Tayior (1941) found that as m the vertebrates, the hpids of shrimp nerve 
rheaths are onented radinllj , the proteins tangenbsUy Lihemso, as m the 
vertebrates, the degree of mj elmation mcreases with the size of the fiber How 
ever, a sbnmp nerve sheath has much less myehn than that of a frog or cat nerve 
of the same diameter Small fibers of both crustaceans and vertebrates have a 
tdaUvcly thicker sheath than do large fibers, although a vertebrate fiber of the 
same diameter as a crustacean fiber has a thicker sheath. The range of values 
for the ventral cord fibers of the sfarunp la as follons 
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A different situation exists m the leg nerves of Mata, where Young (1038) found 
that lorgn fibers have relatively thicker sheaths than small ones. 

Richards (1043) showed that insect nerve cells are surrounded by a lipid sheath, 
probably composed of phosphobpids and cholesterol Using xylol marked with 
a Sudan stain he showed that od.eoluble insecticides, entormg through the 
traAeae, penetrate the nerve cell through this sheath Studies on the bire- 
fringence of the insect nerve sheath (Richards, 1944) showed that its properties 
ate similar to those of crustacean sheaths The pnnciplo differences are that 
both protem and lipid micelles ore oriented radially, and that the birefringence of 
the protem m insects is less than that m crustaceans Furthermore, the mseot 
nerve cord is surrounded by a permeable, elastic neural lamella, composed of a 
protem differing from that of the nerve sheath Comparative studies mdicated 
that hpo-protem nerve sheaths are found m all the major groups of the annelid 
srthropod complex 

in Biocheuistry Perhaps the most stnkmg indication in the biochemistry 
of crustacean nerve is that its metabolism is leas efifident than that of vertebrate 
nerve The carbohydrate reserves of crustacean nerve are much greater, as is its 
respiration and heat production The creatme of vertebrate nerve is replaced by 
nrguune m crustacean nerve Hence crustacean nerve is much more fntignble 
than vertebrate nerve 

Other differences are that crustacean nerve contains largo amounts of un 
Identified anions of unknown function Acetylcholme and chohncstcrase may 
be much more concentrated m arthropod centr^ nervous systems than in those of 
Wrtebrateo. The following section considers these and other facts In greater 
detaU 

I lontc compostUon When nerves are soaked m isotomc sugar solution, the 
Cl and most of the Na rcaddy escapes, whilo the K is retamed (Fenn, 
Cobb, Begnauer and Marsh, 1934) This and other evidence 
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that Na and Cl are concentrated outside the fibers and K inside In 
frog nerve the K space” is 36 per cent of the weight of the nerve, while in crab 
nerve it is 75 per cent This is probably correlated wth the large diameter and 
thru sheath of the crab axons 

Some analyses made by the above authors follow The values for crab blood 
are from Cole (1940), while those for insect blood are from data quoted by 
Heilbnmn (1943) 
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Crab blood 

460 

12 

12 

22 

Crab nerve 

168 
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Nerve/blood ratio 

0 35 

13 

6 6 

— 

Frog plasma 

103 8 

2 6 

2 0 

30 

Frog nerve 

62 0 

48 0 

3 6 

80 

Nerve/blood ratio 

0 60 

19 

1 8 

2 7 

Insect blood 

22 3 

39 7 

9 2 

7 1 


In keepmg with the ion content of their bloods, the total ion content of crab 
nerve is greater than that of frog nerve Na and K are less concentrated relative 
to the blood m crab nerve than m frog nerve, while Ca is more concentrated 
The high concentration of K m the nerves of these animals is particularly note- 
worthy In view of the high concentration of K relative to other ions m insect 
blood, studies of the ionic composition of msect nerve would be of great mterest 
Analysis of the balance between amons and cations m lobster nerve (Schmitt, 
Bear and Silber, 1939) gives the following results 
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0 66 

0 68 

Cl 

1 0 17 

0 62 

Anion deOcit 

1 0 39 

0 03 ' 


Further studies mdicate that this amon deficit is composed of free ammo acids 
The concentration of these acids m lobster nerve is 60X that m the blood (Silber 
and Schmitt, 1940) It is suggested that these anions may play a r61e m mam- 
tammg bioelectric potentials Free ammo acids are not found in medullated 
nerve, where their place may be taken by phosphohpids Silber (1941) foun 
that while J of this anion deficit could be accounted for by ammo acids, particu 
larly alanme and aspartic acid, the other f was composed of as yet unknown com 
pounds In connection with the above work, it is mterestmg to note that cholme 
acetylase, the enzyme which symthesizes acetylcholme, is stiiiiulated by glutamic 
and other ammo acids (Nachmansohn and J ohn, 1946) 

2 Carbohydrates Crab leg nerve is much ncher m carbohydrate ttOT w 
vertebrate medullated nerve The followmg data are from Holmes ( 
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Glycogen may comprise 20 per cent of the total sobd in crab nerve. In moeqtiito 
larvae, "Wigglesworth (1942) found that glycogen is stored m the ganglia and 
axons of the central nervous system, occurring m the form of granules and small 
vacuoles This material is used up in starvation, but is reformed on feedmg 
starch or alanine 

3 Ltptds. The lipida of the honey bee bram are remarkably similar to those 
of the brain of a young vertebrate prior to the appearance of visible meduUation 
'Ihe chief difference is that the sterols are lower (Patterson, Drumm and 
Richards, 1945) 

4 Proteins Lobster leg nerve contains 12 6 mgm /g total N (Schmitt, Bear 
and sober, 1939) This compares with 13 0 mgm /g m the spmal cord and 20 6 
Jngm /g m the peripheral nerve of cattle (Ahderhalden and Weil, 1912) 

A protem complex with the properties of a nucleoprotem was extracted from 
lobster leg ner\e by Bear, Schmitt and Young (1937) It is unstable m aad, 
preapitatmg as a metaprotem A histone or protamme-liko group is split off in 
ftikftli A fraction contammg P and charectenstio of a nucleic acid can be split 
off the hulk of the protem The aame complex was extracted from squid giant 
fiber axoplasm and nmm Tnaliftn central nervous system. Smee it is apparently 
characteristic of neuroplasm generally, it was called neurontn 

6 AceiyUicUne (Adi) and Chclmeelerate {ChB) hlarnay and Nachman Rohn 
(1937) found that the ChE content of lobster ventral nervo cord is 20X that of 
frog sciatic. This is the specific ChE which sphts Ach more rapidly than other 
csteiBi and not a less specific esterase which sphts other esters more rtqndly than 
Ach (Nach m a n Bohn and Rothenburg, 1946) 

Ach was extracted from crab nervous tissue by Welsh (1939a) and from 
crayfish and lobster nervous tissue by Smith (1939) Smith obtained the fol 
values 
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®challek (1946) found that the ventral ganglia of the crab Cancer %TToratu$ 
averaged 3 1 v/g while the ventral nerve cord of the lobster Homanis omcncanuB 
averaged 16 0 y/g Corteggiani and Serfaty (1939) found Ach and ChC in the 
nervous systems of various ineocts, obtaining as much as 200 y/g Ach in 
Coroutiu* Comparable amounts were found m the central nerve cord of 
Pmy lottefo by MfluJonis and Brown (1941) 
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These values stand in great contrast to those in the vertebrate central nervous 
system Macintosh (1941) found that the Ach level of the cat brain vanes from 
0 18 r/g m the cerebellum to 7 0 y/g m the basal gangha Higher values are 
found m the peripheral nervous system, reachmg 40 y/g m automomic gangba 
Welsh and Hyde (1944b) obtamed up to SOO y/g m. the myenteric plexus of the 
guinea pig 

Ach occurs in both the free form and m an mactive form m which it is bound to 
protem Although assays of arthropod nerve by Corteggiam (1938) and Corteg- 
giani and Serfaty (1939) mdicate that aU the Ach m these nerves is m the free 
form, Schallek (1945) found that m the ventral nerve cord of Lttnulus about 
40 per cent of the Ach was m the free form, of Cambarus, about 50 per cent, and 
of Homarus, about 60 per cent In the bram of the adult rat from § to ^ of the 
Ach IS m the free form (Welsh and Hyde, 1944a), while m the sciatic nerve about 
f IS m the free form (Prajmovsky, unpublished) 

ChE m Melanoplus is 8X more concentrated m the nervous system than ui 
muscle The highest concentrations m the nervous ey'stem are found m the 
brain (Means, 1942) ChE appears m the Melanoplus emblem m small amounts 
before the nervous system is differentiated, and then mcreases rapidly as the 
nervous system develops Ach does not appear until later (Tahmisian, 1943) 

6 Adrenalin Veiy little is known about the occurrence of adrenalm in 
arthropods 3, 4 dihydrovyphenylaianme, a possible precursor of adrenalin, ivas 
obtamed from the larvae of the insect Tenehno by i^per (1926), while a sub- 
stance havmg the pharmacological and chemical properties of adrenalin was 
extracted from the same species by Wense (1938) However, as the extracts 
were made from whole larvae, it is not certam that these substances came from 
nervous tissue 

7 Metabolism The respiration of crabnerveis lOX that of frog nerve at the 
same temperature (Meyerhof and Schulz, 1929) FoUowmg a 15 mmute stunu- 
lation, the mcreased Oi consumption is 20X that of frog nerve This mcreased 
respiration nses to a maMmum 15 mmutes after the end of stimulation, and may 
last for 2 hours Similar relations were found m measurements of the heat 
production of crab nerve (Beresma and Feng, 1933) The restmg heat is 3 X that 
of frog nerve The total heat hberated by a short stimulus is over 30X that of 
frog nerve While recovery heat m the frog starts at a maximum, that m the 
crab starts low and gradually rises to a peak Crab nerve is much more sus- 
ceptible to fatigue than frog nerve This seems to be correlated with the slow 
recovery heat of crab nerve At low temperatures, where the recovery heat is 
even more prolonged, fatigability is more pronounced 

Bronk (1932) showed that durmg a senes of contractions in crab muscle, the 
heat production decreases, due to a slowing of the muscle This increasing 
economy of contraction is much greater than m vertebrate stnated muscle, it 
enables the animal to mamtam a sustamed contraction despite the rapid fatigue 
of its nerv'e Furthermore, the crustacean muscle can produce either a rspi 
twutch or a slow contraction Keighly and Wiersma (1941) found that or 
similar w ork the slow contraction is half as expensive aa the fast 
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Monaghttn and Schmitt (1931) showed that while Ltmulus and UomaTVS 
mnscle contains cjdochrome, their leg nerve contains a hcraochromagen nhich is 
not cytochrome Frog sciatic ner\c has no hcmochromogGn but contains a 
carotmoid which may bo carotm This pigment seems to be mvolved m oxi 
dative processes. 

The buffenng properties of crab nerve and muscle were studied by Co^van 
(1933) The CO* combmmg capacit 3 ol emb nerve is nearly the same as summer 
frog nerve, while that of crab muscle is 3 per cemt greater than frog muscle 
Engel and Gerard (1936) foimd that the creatine of vertebrate nerve Is replaced 
by orgimne m crustacean non o This imphes that the crustaceans have a less 
efficient metabolism than the vertebmtes On stimulation, phosphoorginme is 
decomposed, while durmg recovery m Oi it is resynthesiied at the expense of 
ftdenoametnphosphate (ATP) Further studies on lobster muscle (Ochoa, 
1938) revealed the following differ«ices between its metabolism and that of 
vertebrate musclo 
In vert^rates 

2 phosphopyruvato + odenyhe acid — ♦ 2 pjTuvate + ATP 
ATP -h 2 creatmc ^ adenyhc acid + 2 phosphocreatine 

In lobster 

phosphopyruvato + AOP — ♦ pyruvate + ATP 
ATP + argmmo ;=^ ADP + phosphoarguuno 

IV EijECrniCAL Phknouena Although a considerable amount of investi 
gation has been done on the electrical properties of arthropod nerve, general con 
clusiona are hard to draw An outstandmg feature of crustacean nerve is that it 
tiBuoUy responds to a smglo stimulus with a series of impulses This may bo due 
to its accommodation time befaig much slower than that of vertebrate nerve The 
conduction velocity of arthropod fibers is less than that of vertebrate fibers of the 
Same diameter This is correlated with a much slower acccmmodation tune than 
Ibat of vetebrate nerve 

Electncai studies of sense perception in arthropods indicate that there are 
primitive sound receptors which cannot dlstmguish between different fre(|uencies, 
cewell asmore elaborate receptors permitting true hcaimg Similariy, there are 
primitive photoreceptors as well os true eyes 
The c^trol nervous system of arthropods is notable for the persistent rhythmic 
electrical discharge of isolated nerve cords Apparently certain cells in the cord 
*^lscharge without sensory stimulation This spontaneous activity is greatly 
influenced by changes in the ionic composition of the surrounding fluid 
A, Peripheral Nerve 1 Nerve potenhaU Cowan (1934) found that the 
^iury potential of 3fma (European spider crab) nerve is u out 30 mY Boguo 
and Rosenberg (1930b) show ed that the action potential in mixed Maia log nerv c 
is (Hily about 10 per cent of this mjury potential In Ihm sensory bundles tho 
action potential is higher, ranging from 10 to 15 mV 
The injury potential of crustacean nerve falls during stimulation or durmg 
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O 2 lack, recovery occurs only m the presence of Oj (Furusawa, 1929) Hence the 
mamtenance of the rnenabrane potential depends upon oxidative processes 
The K concentration inside Mata nerve is 13 X that in the blood (Cowan, 1934) 
During stimulation, K leaks from the nervef Increasmg the exiemal K lowers 
both the mjury and action potentials The resting potential also drops m the 
absence of O 2 but K does not leak from the nerve The depression m asphyxia is 
therefore not due to the loss of K. 

Spider crab nerve is blocked at low temperature (Ets, 1936) Increasmg the 
external K causes this block to occur at a higher temperature Crab nerve is 
more sensitive to K than frog nerve, since with a perfusion fluid contammg lOX 
the normal K, crab nerve is blocked m 10 mm , while frog nerve is blocked m 108- 
180 mm This difference may be due to the thicker myehn sheath of frog nerve 
The action of K m lowermg the restmg potential is opposed by Ca (Cowan, 
1934) Ca by itself has no effect on the restmg potential, but it does cause a 
reversible depression of excitabihty (Guttman, 1940) Mg mcreases the elec* 
tncal response of crab nerve (Katz, 1936a) 

Passage of the action current m crab nerve is followed by a slowly dechnmg 
negativity (Levm, 1927) If a second impulse follows the first before this 
“retention” has passed away, the size of the second impulse is correspondmgly 
reduced Levm considers that this negative after-potential is the electncal sign 
of fatigue Although present m frog nerve, it is much less marked because of 
the greater resistance to fatigue of this nerve Durmg the passage of a senes of 
impulses, the negative potential graduUy dechnes and is replaced by a positive 
after-potential (Arvamtaki, 1936) In crab nerve which has been poisoned by 
yohimbme, a positive potential appears after a smgle nerve impulse (Bayhss, 
Cowan and Scott, 1936) 

2 Excitation Sub-threshold stimuh set up non-propagated potential changes 
m crustacean nerve (Hodgkm, 1938) A weak stimulus produces a polarization 
potential which behaves as though it were due to passive accumulation of charge 
at the nerve membrane A stronger stimulus produces an additional potential 
behavmg like a subhmmal response of the nerve fiber These two potentials 
have different properties Thus the polanzation potential falls at the end of the 
shock, while the subhmmal response contmues to rise The former is a passive 
result of the apphed current, the latter an active response of the nerve 
Bogue and Rosenberg (1936a) find that m thm sensory fibers of Maui nerve, 
the mterval between the make of a constant current and the response is 23-74 
msec at rheobasic strength The correspondmg time m frog sciatic nerve is 
1 7-2 0 msec 

The foUowmg measurements of the chronaxie of arthropod leg nerves were 
made by Monmer and Dubuisson (1931) 
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Chionaries of nerve m the dog, tor companson, are 2 msec for sciatic vasomotor 
fibera and 0 16 msco for the facial nerve (data from BrQcke, 1930) 

Cutting a motor nerve of Cancer gives nao to a senes of impulses, lastmg from 
16 sec, to 20 min. (Baines, 1930b) Simflnrly, the nerve of Caflinecfee responds 
to a Bingie stnnulus with a senes of mipulses (Jasper and Monnier, 1933)^ Be- 
eauseof this,the excitation time of crustacean nerve is a "pseudo-chronaiae”when 
deteimined by muscular contraction For CaUinutu it equals 0 6-0 8 msec. 

Arvsmtaki (1936) found that in Carantis and Mata, this multiple response 
occniB only after the thud or fourth of a senes of stunuh Precedmg and 
following this cham of spike potentials is a series of smaller potentials with the 
same penodicity as the spikes When the spike potential appears, it seems to bo 
ajpeniopoeed on these smaller oecillationB 
Sokndt (1936) finds that this multiple response of crustacean nerve is correl 
ated with a much alower.accommodation time than that of vertebrate nerve. 
Vahiea for the accommodation time (X) of several nerves follow 
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Raumg the Ca concentration of the perfusate decreases the accommodation times 
although the effect is much less in crab nerve than in frog nerve Apphmtion of 
16X the normal Ca to crab nerve abolished the multiple response, the nmo 
pvmg am^e impulses only (Kata, 1938a) MulUple response was obt^cd in 
frog nerve by either chilling the frog or placing the nerve in low Ca. MulUple 
ttsponBe could then be abolished by r^g the temperature or increasmg tho 
Ca concentration (Kati, 1936b) , , 

3 Conduction velocity Some data on conduction velocity m arthrop^ 
nerves foUow Stimulation of a nerve may give rise to several waves, duo to 
different fiber groups conducting impulses at different velocities 
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Thu novcB of Leandcr tenaiu!, which are more heavily mj dieted than tho 
«hove nerves, have a conduction velocity of 18-23 mctore/scc. (Holmes, Puc^ 

phiey and Young, 1941) Mammalian A fibers, m contrast, can conduct as lasi 


M 100 mcters/eec. (Gnmdfest, 1940) 
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Bames (1932b) showed that the rapid closing reflex of the crustacean claw 
involves sensory fibers of larger diameter than those used m the slower opetimg 
reflex Conduction velocity, however, depends not only upon fiber diameter but 
also upon the degree of myelmation (Taylor, 1942) The following table com 
pares vanous fibers chosen to have the same conduction velocity Myelmation 
IS measured by positive birefnngence 
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It IS evident that a small fiber can conduct as fast as a large one if it is more 
heavily myelmated 

Mormier and Dubuisson (1931) find that animals can be classified according to 
the distance traversed by an impulse dunng the clironaxie of the nerve 


wm 

Lobster, both waves 3 5 

Crab, both waves 3 B 

Ltmulus, both waves 6 0 

Shark, a wave, lateral line nerve 8 0 

Frog, a wave, sciatic nerve 12 0 

Dog, a wave, femoral nerve 16 0 


The mcrcase m speed of conduction m the course of evolution is evident 

B Seme Perception 1 Touch and proprioception Adrian (1930) recorded 
sensory discharges in the central nervous system of the caterpillar on touching 
the tail or head Propnoceptive impulses are set up m the nerves of vanous 
crustaceans on bending the limb (Bames, 1930a, 1932a) Unlike vertebrate 
tension receptors, these end organs arc m the skin of the jomt, and show rapid 
adaptation Sensoiy impulses set up b}"^ these organs on movmg the isolated 
hmb cause a reflex motor response m the absence of the central nervous sjmtem. 
Possibly the motor nerve is stimulated 63 '' action potentials m the many fine 
sensory nerves which surround it 

Prosser (1935a, c) recorded propnoceptive impulses m the cra 3 dish following 
flexion of an appendage Tactile stimuli were recorded following movement 0 
sensory haus The excitation tune of caudal sensory hairs is 0 5-16 msec. 

Pnngle (1938a, b, c) foimd that the fifth segment of the palp of Pmplanela is 
covered by hairs sensitive to touch Movement of these hairs gives nse to nerve 
impulses of small amphtude, their adaptation is rapid and complete A group 0 
campomform sensiUa on each jomt of the palp respond to bending of the join 
or pressure on the cuticle with large, rh 3 d.hmic impulses of constant ' 
their adaptation is slow and mcomplete Other sensilla are found on t e 
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S. Heawig The electrical response of mscot nerves to sUraulation of auditoiy 
twsptois was studied bj Pumphroy and Rnndon-Smith (1036) ITie tympanal 
OTgM of thelocust responds to tones over afrcquency range of 600-11,000 cycles/ 
sec. Since the response is asynchronous at all frequencies the o gin is unable to 
dlstmgulBh bota-een different frequencies The anal cercus of tbe cnchet and 
coctroach, on the other hand, responds synih-onously over a vide frequency 
range. No lower limit of frequency could bo found, and there Is little respocEO 
above 3000 cycles/soc In the lover range of frequency the response is almost 
completely ejmchroniied with the stimulus Occamonnlly, hovever, short 
bunts of nerve activity vill occur at twice the stimulus frequeno' , while the 
responsetohighfrcquenciesmay haieorly one half or ore-quarter Ihofrequenoy 
of the stnnulua 

3 PhoiOTKtpton Prosser (1934b) showed that tbe sneth at dommnl ganglion 
of tbe cray6sh acts as a photoreceptor Illumination of the gnnghon causes a 
buret of unpulses which reach a max mum m about 2 sec , adaptation is slow 
and incomplete The activity contmueaforr ovora! seconds after theliphtis turned 
off The response of the eye, as recorded m the optic nerve, is quite different. 
A rapid buret of impulses starts 0 03 see after turnmg on the light The fre- 
quency reaches a peak withm 0 1 sec., nrd then falls off rapidly reachmg a new 
level mahout 0 5 sec Asimilar but smaller burst occurs when the hght is turned 
off 

Although visual physiology is outs.de the scope of this review, the followmg 
dectneal studies in arthropods may be mentioted Ltmnlus (Hrrthne and 
Graham, 1932), Dj/itscus (Adrian, 1937), Mdanojths (Eoeder, 1939), various 
insects (CresclteUi and John, 1942) 

C Central N'ervaus System 1 Excttalion and conduclum Although lujury 
to penpheml nen e in the crayfish is followed by a high frequency distbargc which 
may lest several inmutes, cuttmg a central commisuro produces an rsimehronous 
discharge lasting only a few seconds (Prosser, 1934a) Furthermore, this m 
jury response can be obtained in an isolated claw nerve, but not in an isolated 
central commissure. 

Conduction velocity in the ventral nerv'o cord of the cmyfish is 3-10 rro‘ors/ 
sec. (Prosser, 1936c) Tins is somewhat higher than the velocities found in 
arthropod peripheral nerve Tho tune per segment is 4 0-6.5 mseo of which 
ganghomo delay is 3.6-4 6 mseo. A few fibers however, pass through each 
Kanghon except the last without synapse 

Afferent impulses set up by stimulation of caudal sensory hairs were recorded 
“ they entered the caudal ganglion Tho rcsi onso adapts r t a steady rate during 
repcutivo stimulation and fails to synchronise with the ttimulus at frequencies 
«l»vo lOO/scc. Tho non functionrJ recovery period for most of tho units is less 
than 6 msec., while tho relative recovery penod lasts for another 6 msec. An 
tcrlor to the gnnghon, tho afferent respor so fails to synchroniie mth repetitive 
'tunuli faster than lO/sec Tho non functional recovery penod is approxi 
nmlcly 0 1 sec , whUe no relative recovery penod could be obsen cd Proescr/ 
■'‘EEcsts that these differences are duo to fiber attenuation ^ 

Pumphroy and Rawdon-Simth (1937) studied tho transmission of nerve 
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pulses through the last abdominal ganghon of the cockroach The pcst-gan- 
ghomc response is double, consistmg of a small wave due to a few “through" 
fibers, followed by a larger wave due to fibers synapsmg at the ganghon The 
“excitatory potential” built up at the synapse by afferent impulses reaches a 
maximum withm 3-4 msec , smce synaptic delay is never longer The effects of 
the potential persist at least 20 msec , as this is the maximal mterval between 
stimuh at which summation will occur At low stimulus frequencj' the post- 
ganghomc response dechnes, although the pre-ganghomc response is unaltered. 
Increasmg the frequency or mtensity of stimulation will now restore the post- 
ganghomc response Apparently the post-ganghomc neurons become adapted 
to the ongmal stimuh, and the “excitatory potential” must now reach a higher 
level to mamtam the initial response 

2 Spontaneous activity llh 3 d;hmic discharges m isolated arthropod ventral 
nerve cords have been noted by several authors 


Caterpillar 

DyltBcut 

Cambarus 

Penplanela 

Ltmulus (cardiac ganglion) 


Adnan, 1930 
Adnan, 1931 
Prosaer, 1934a 
Roeder and Roeder 1939 
Heinbecker, 1936 


Roeder and Roeder (1939) noted an arrhythmic background of action currents of 
30-60 mV m the isolated ventral nerve cord of the cockroach. Occasional 
rhythmic bursts of spikes would appear, with a frequencj’’ of 10-20/8ec and an 
amphtude of 100-160 mV Other bursts of activity were apparently associated 
with the respiratory movements of the mtact animal 

A detailed study of spontaneous activity m the crayfish ventral nerve cord has 
been made by Prosser In the first of these studies (1934a) he found that there 
IS a contmual discharge of spikes of about 10 mV m amphtude and less than 
1 msec, m duration Anal}^ of the records showed that the discharge is 
due to individual ganghon cells firmg off at a frequency of 10-20/sec Althoi^ 
the discharge from each cell persists only a few seconds, shiftmg from one cell 
to another keeps the total frequency constant Apparently certam cells in the 
central nervous system can discharge without sensory stimulation 

Prosser (1936b) showed that mcreasmg the temperature mcreases the number w 
impulses m deaflferented crayfish gangha Prosser and Buehl (1939) found 
that this spontaneous activity is dependent on Qj, as it dechnes rapidly m Nj 
The activity is depressed by cyanide and carbon monoxide, mdicatmg that 
respiratory enzymes are mvolved 

The effect of ions on this spontaneous discharge m the craj^fish has been in 
vestigated by Roeder (1941) and Prosser (1943b) High K or low Ca im y 

stimulate the activity but later depress it Low K or high Ca stimulate 
preparations but depress older ones Ca antagonizes the depressant ac on 
h igh K but not its excitant action, neither action of low K is comple y ^ 
tagonized by low Ca Among the amons, thiocjmnate has a marked stun n 
effect Evidently the actions of these ions are quite complex 

In the heart ganghon of Limvlus, the discharge of neurons is increased by 
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K or low Ca, and decreased by low K or high Ca (Proeser, 1943a) These re 
htiona Beem to be somewhat simpler than m the craySsh nerve cord 

V Nbdro-uubculab Systems A. Crutiacea Some essential differences 
between crustacean and vertebrate nerve-muscle systems are listed by Elba 
Thienes and Wiersma (1942) 

1 Crustacean muscles are innervated by two to five axons, each of which 
innervates eveiy fiber m the muscle Vertebrate striated muscle is innervated by 
a largo number of axons, each of which Innervates only a portion of the fibers in 
the muscle. 

2, Each crustacean muscle fiber recavea many branches from each of the 
axons innervating it, each vertebrate muscle fiber is usually innervated by a 
sm^e motor ending 

3 While vertebrate skeletal muscle fibers contract m only one way, crustacean 
rfcoletal musde fibers can produce either a rapid twitch or a slow contraction 

4. Vertebrate striated muscle responds to a amgle nerve impulse with a 
Dttwnnal twitch Crustacean muscle usually requires facilitation, that is, 
several nerve impulses are needed before cantraction occurs 

6 Whfle inhibition in vertebrates is primarily a central phenomenon, that m 
crustaceans Is peripheral Stimulation of a specific inhibitory neuron mbibits 
the response of the muscle to the other neurons. 

These differences ore considered m greater detail in the following sections. 

1 MxilhpU tnnerxfaUcn Lucas (1917) showed that AtiacuB muscle can re- 
spond to stimulation with two distinct types of contracticm Pantin (1930b) 
found that the fast and slow contractions of the closer muscle of the Carctnxa 
daw show marked differences m thoir rates of contraction and in their response 
to intensity and frequency of stimulation. 

Van Harroveld and Wiersma (1936) showed that these two types of con 
traction ore obt^nod by stimulation of different axons innervating tho muscle. 
The same authors (1937) found that three of the muscles of the Cmnfcorus claw 
ahow a triple mnorvation Stimulation of the thickest axon produces a fast 
contraction, of the next m sise a slow controctaon, and of the smallest, Inhibition 
Other muscles in tho claw have only a double innervation A different arrange- 
rricnt Is found m the claw of crabs (Wiersma and Marmont, 1938), while the 
flexor of PanxUtrua shoNVs a qumtuple Innervation (van Harre>'eld, 1039c, 
van Harreveld and Wiersma, 1939) Four of the fibers are excitatorj , each 
producing a different ty|>e of response, while the fifth is inhibitoi^ Because of 
differences In innervation, condurions drawn from expenments on one 
arthropod nerve-muscle system arc not necessarily applicable to others 

In vertebrate skeletal muscle, which Is iimcr\'atod bj a large number of axons, 
different types of response are obtamed bj ^'a^iation m tho number of active 
aions or m the frequency of their discharge In crustace an muscle, uhich is 
famervated by onlj a few axons, a different type of response is ehaled by each 
axon 

Knowlton (1942) pomts out that tho slow contraction is the more pnmitivo 
liTCi being associated with smooth muscle. The rapid twitch develops with 
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Btnation, the primitive arthropod stnated muscle may show both types of 
contraction 

2 Facihiahmi Pantm (1934) found that the latent penod of Carcirm 
leg muscle to repetitive stimulation apphed directly to the muscle is 7-10 msec , 
comparable to the value for frog muscle tVhen stunulated through the nerve, 
the latent period rises to 60-300 msec Allowmg 4—5 msec for nerve conduction, 
it IS evident that the bulk of this delay is at the neuro-myal junction Evidently 
many stunuh must reach the muscle before a contraction occurs 

Further work (Pantm, 1936a) showed that a smgle nerve impulse produces 
httle or no response m the muscle A succession of shocks causes a contraction, 
the rate and tension of which mcrease progressively with the frequency of 
stimulation Evidently each successive impulse bnngs more and more muscle 
fibers mto action 

In vertebrates, each skeletal muscle is composed of a multiphcity of motor 
units As the mtensity of the stunuliiB mcreases, more and more motor umts 
are activated, and the tension developed thereby increases Increasmg the 
frequency of maximal stunuh develops a tetanus through fusion of successive 
contractions Because of the small numbers of axons m crustacean muscle, this 
mechanism does not hold The entire muscle acts as a smgle motor umt As 
long as stimulation is through one axon, the tension developed is mdependent of 
the mtensity of the stimulus The response is governed entirely by the fre- 
quency and duration of stimulation Gradation is brought about through 
neuro-muscular facihtation 

A smgle action potential m crustacean nerve produces a smgle action potential 
m muscle (Du Buy, 1935) The muscle action potential consists of a small spite, 
presumably due to the nerve impulse, followed by a longer potential uhich may 
be produced by a chemical mediator This latter potential seems to be an mdex 
of the facihtation process 

Blaschko, Cattell and Kahn (1931) showed that the mterjection of a smgle 
stimulus dunng low-frequency stimulation of crab nerve produces a rapid in 
crease m muscle tension which is subsequently mamtamed by the low-frequenoy 
stimulus Pantm (1936b) suggests that this effect is due to facihtation Most 
of the muscle fibers are not excited by the mitial low-frequency stimulus, but 
they are so facihtated that the smgle mterjected impulse is enough to excite 
them Once the conduction path has been established, the low-frequency exci- 
tation 18 sufficient to mamtam it 

3 Excitation Wiersma and van Harreveld (1938a, b) showed that a smgle 
impulse m the thick (fast contraction) axon of the Cancer leg sets up an actii® 
current m the muscle, but does not cause a contraction If a second shock 
follows withm 10 msec , a mechanical contraction occurs However, with mp- 
etitive stimulation contractions follow with mtervals as long as 60 ^ 

tween shocks The thm (slow contraction) axon requires several stunuh before 

a muscle action current is set up r md 

By varying the frequency of stimulation m Canibarus, a rate can be o 
at which stimulation of the fast axon causes maxim al muscle action curren 
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Without a mechanical response, while stimulation of the slow axon causes small 
muscle action currents with a deSiute contraction In the first case, the TtmTimal 
ectiim currents show that all the muscle fibers are bemg excited, yet no contrac- 
tion occurs In the seatad case, only a few of the fibers are being exated, yet 
contraction occurs The action currents in these two cases must arise from 
different places m the same muscle fiber The excitation process is therefore a 
local one. 

Van Harreveld (1930a, b) ahoned that each axon breaks mto a ‘feltwork” of 
branches which innervate the muscle fiber at a great many pomts Slight injury 
to this network prevents a response, mdicating that the stimulus is not conducted 
over the muscle fiber 

This situation is m sharp contrest to that m the vertebrates, where the action 
potential, ansiug at the motor end plate, spreads over the entuo muscle fiber 
Local exotaticm pernuts a graded response m the crustacean muscle fiber, while 
the conducted excitation m vertebrates requires an all-or none response 

Facflitation occurs mdependently for the muscle action currant and for con 
tiaction (Wiersma and van Harreveld, 1838b) During stimulation of the slow 
fiber, the muscle acbon current at first moreases through fambtation, and then 
declmes as fatigue sets m At the same time the mechanical response is still 
mcreaamg Evidently two distinct transmission processes are mvolved. In 
we, the nerve impulse sets up a muscle aobon current, while m the other the 
muscle action current produces a contraction 

Evidence that the two types of contraction occur m the same muscle fiber 
comes from several sources Bergren and Wiersma (1938) showed that the 
phosphste and lactic acid production m the slow and fast contractions are the 
same when the mechanical effects are equal Evidently only one type of con 
iiaotile substance is present. 

I’antm (1934) showed that fatigue of one type of response also fatigues the 
blher, while Wieisma and van Harreveld (1939) found that the mechanical re- 
sponse to Btunulation of one motor nerve is faeflitated by preccdmg stimulation 
of the other nerve Since this ‘ heterofsciiitaticm” does not occur for the muscle 
aotton currents, it is evident that each nerve sets up ita own muscle action 
ourrcnts (local response), but that these currents excite the same contractile 
mechanism 

Finally, van Harreveld (1939a, b) showed that fibers in a triply mnervated 
muscle receive branches from every axon Doth fast and slow contractions were 
observed in the same fiber 

The effect of ions on nerve muscle preparations of the crab was observed by 
Kate (1930a) Excess K causes a contracture, the tension developed in high 
K solutionB equalling that obtemed by a ma-xitnal stimulation through tho 
nerve During this contracture the muscle is still excitable to direct stimulation. 
Excess Mg prevents this K contracture, and also has a curare-Uke action In 
blocking neuro^nviscular transmission In the slow fiber of tho CovibOTVS 
claw, Waterman (1941) showed that the amphtude of contraction is Inversely 
proportional to the amount of perfused K. In the fast fiber the oppomto re- 
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lation holds, the amplitude of contraction being directly proportional to the 
K concentration In both systems the magmtude of response was inversely 
proportional to the Mg concentration, while any change m Ca produced irregular 
results It IS suggested that these ions act on the neuro-muscular junction 
4 Inhibition Two types of mhibition are present in crustacean muscle 
(Marmont and Wiersma, 1938) If the inhibitmg impulse arrives shortly be- 
fore the excitmg one, both the muscle action current and the contraction are 
reduced If the mhibitmg impulse arrives at any other tune, only the mechamcal 
response is reduced The latter is called “simple", the former "supplemented", 
inhibition 

Stimulation of the mhibitor nerve alone causes no electrical response m the 
muscle, but an after-effect is seen by the inhibition of the response to a succeeding 
excitatory unpulse This persistence of the effect after the nerve unpulse has 
ceased suggests that a neurohUmor is mvolved Marmont and Wiersma suggest 
that an "mhibitmg substance" may act agamst a "transmittmg substance ” 
The effectiveness with which excitatory impulses can be inhibited was meas- 
ured by Wiersma and Elhs (1942) Considerable vanation was found between 
different systems Thus m the slow bender system of Pachygrapsns one in- 
hibitory impulse suppresses three excitatoiy impulses, while m the slow closer 
system of Cambarus five mhibitoiy impulses are needed to counteract one 
excitatory impulse The fast closer qratem of Cambarus cannot be mhibited, 
this system also gives a mechamcal response to a smgle stimulus, while the other 
inhibitable systems do not 

Supplementary inhibition occurs m the stretcher muscle of the Cambahts leg 
but not m the closer, although both muscles are innervated by the same in- 
hibitor A different situation was found m the crab by Wiersma and Heifer 
(1941) The opener muscle is supphed by two mhibitor nerves Stunulation 
of one inhibits both the electncal and mechanical response, while stimulation 
of the other inhibits the mechanical response alone The extent of mhibition is 
evidently determmed by factors m both the nerve and the muscle 

Knowlton and Campbell (1929) found that stimulation of one of tw o nerves 
m the lobster claw causes contraction of the closer and mhibition of the opener 
muscle, while stimulation of the other nerve contracts the opener and inhibits 
the closer Van Harreveld and Wiersma (1937) explamed this relationship by 
analyzmg the distnbution of axons m the nerves of the crayfish (which pr^ 
sumably has the same innervation as the lobster) The thm nerve contains bo 
the axon causmg contraction of the opener and that causmg inhibition ^ ® 
closer, while the thick nerve contains axons causmg contraction of the closer an 
mhibition of the opener This reciprocal innervation of antagonistic 
differs from that of the vertebrates m that the inhibition is peripheral an no 
central 

Pantm (1936c) showed that reciprocal responses m the lunbs of Caranus 
caused by the differences m thresholds between the excitor and inhibitor nerv^ 
A weak stimulus excites the extensor, but has no action on the flexor A s ro^^ 
stimulus inhibits the extensor and excites the flexor, while a still stronger s im 



ABTHKOPOD N*EVOtJS STBTEM8 


466 


Inhibits both the extensor and the Bexor Such a relataon does not occur m 
munmals. 

A more complex situation was found m the crab by 'Wieraina (1941) All four 
dutal muscles of the leg are Innervated by the same inhibitor Clearly this 
nerve could not be used m reciprocal reflexes Wiersma suggests that it may bo 
osed in moultmg, when relaxation of all muscles is required 
Another explanation is suggested by Pantm (1936c) In the restmg limb , 
normal time is mamtalned by low frequency excitation A few extra impulses at 
hisJi frequency will cause a contraction, which is then mamtamed by the low 
frequency discharge An inhibltoiy disoharge will stop the contraction without 
mterruptlng the low frequency tone Instead of the contmual disoharge needed 
to mamtam a vertebrate tetanus, only a few impulses are needed to start this 
contiaction and a few more to stop it This TnecbsmuTin enables the crustacean 
to nuuntam a sustamed contraction at mmitniim expense. 

B AmJimda and Imetla. Little work has been done on arthropod nerve- 
muscle systems aside from those of the Crustacea Rijlant (1934) mvestigated 
muscle activity in the scorpion At rest, the flexor muscles show a tonic activity 
marlced by alow action potentials, while there is no activity in the extensraa. 
Durmg contraction, largo rapid waves occur m the flexors, while tonic activity 
appears m the extensors inexor tonus is inhibited durmg contraction of the 
crtaisora In contrast to the mammals, the flexors have a marked tomo activity, 
idille extensor tonus appears only durmg contractiDn of the flexors 
Prmgle (1939) found that the neuro-muscular system of the extensor tibiae of 
the cockroach is like that of the crayfish in having ‘fast” and "slow** contractions 
produced by stimulation of difi'erent axons Furthermore, the same muscle 
fiber responds to both types of stimulation The fast axon has a lower threshold 
than the slow axon, and produces larger muscle action currents. The chief 
ififference between the two anlmnla is that no evidence for inhibitory fibers was 
found in the cockroach The slow axon differs from that of the crayfish m that 
a sm^e impulse produces a contraction Further analysis of insect neuro- 
muscular systems would be of great value. 

^ Phamiacoloot The pharmacology of the vertebrate nervous system 
has taken on a different aspect in the past two decades due largely to the dls- 
tmiery of two physiologically different types of neurons (1) those whoee activity 
appears to depend on the formation and action of Ach, for which Dale proposed 
fhe term "chohnergio**, (2) those charactenxed by the occurrence of adrcnalb for 
I which the term “adrenergio’* was propoeed Many drugs used empmcally in 
fhe past may perhaps act by preventmg the rapid destruction of Ach or 
by substitution, or by blockmg the action of Ach or adnmahn at 
“y^apses oral neuro-effector Junctions For detailed Information one may refer 
to textbooks on pharmacology (e g , Gaddum, 1940, Goodman and Gilman, 1941) 
In anunals other than vertebrates too little is known about the exact dis 
tribution of oholinergio and adrenergic neurouB, and the mode of action of Ach 
adienaim (as well ns the possible occurrence of other '*neurohumors**), to 
mmhle one to interpret the action of many of the standard drugs which affect 
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the nervous system Hence it is qmte unsafe to assume that a given drug mth 
a knoivn action m the vertebrates will have a similar action in the invertebrates 
A selected senes of drugs, whose action on arthropod nervous systems has been 
studied, will be considered m this section Insofar as mfonnation allows, their 
actions on the heart, central nervous ^stem and penpheral nerves inl] be re- 
viewed It IS difficult m the case of the arthropod heart to detennme the exact 
locus of action of a given drug smce the possible loci are several on cell bodies 
of pace-maker neurons (when present), on axons of these neurons, at their end 
mgs, and directly on the heart muscle In the mtact heart, possessing extrinsic 
regulatory nerves, the situation is even more complex 

1 Nicotine This active alkaloid of tobacco is well known as an insecticide 
(Shepard, 1939) In spite of its wade use, however, httle is knoivn concerning its 
exact mode of action m msects Carlson (1906) apphed mcotme separately to 
the cardiac ganglion and muscle of the Limulus heart When apphed to the 
ganghon mcotme gave imtial stimulation followed by irregulanties of rhythm, 
depression, or paralysis, dependmg on the concentration used When applied 
directly to muscle, low concentrations had httle effect, high concentratiors were 
depressive The heart of the crab, Cancer magister, (Davenport, 1941) was 
found to be excited by mcotme m relatively low concentrations and depressed by 
high concentrations The action of mcotme on isolated heart preparations of 
larvae of the southern army worm, Prodenia eridama, and of the cockroach, 
Penplanela amencana, was studied by Yeager and Gahan (1937) They observed 
with both hearts that relatively low concentrations of mcotme caused stimulation, 
which was not followed by depression, while relatively high concentratiors gave 
imtial stimulation followed by complete paralysis The many differences ob 
served m the behavior of the two hearts to mcotme led these authors to suggest 
that “ the marked differences m response of the roach and larval (Prodenia) 
isolated cardiac mechanisms to perfusing mcotme may be due to differences 
either m their possession of mtnnsic ganghomc cells or m the resistance to 
mcotme of various of their component or muscular parts” Hamilton (1939) 
workmg with the heart of the grasshopper, Melanoplus differentiahs, found that 
concentrations of mcotme ranging from 0 ODDI to 1 0 per cent by volume caused 
an mcrease m amphtude with httle change m rate Repeated apphcations 
1 0 per cent mcotme caused complete paralysis Yeager and Munson (1945) 
have recently compared the actions of mcotme and DDT in Penplanela sir 
lated and semi-mtact ventral nerve cords of arthropods such as Cambarm and 
Penplanela contmue to show electneal activity which is spoken of^as “spon^ 
taneous” The frequency of discharge is a function of the rate of “finng o 
mdividual neurons, as well as the number of neurons active at a 
Certam drugs have a marked effect on the level of activity Roeder and oe 
(1939) foond that mcotme lO"® produced an appreciable increase in t^ spon- 
taneojs activity of the isolated ventral nerve cord of Penplanela 
10 ^ produced great activity withm fifteen seconds after application, ® . j. 

two mmutes by complete blockmg or paralysis Prosser (1940) observe 
effects of mcotme on the nerve cord of the crayfish 
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In the most complete recent study of the effect of drugs on the penpheral 
nervous system of arthropods, Elhs, Thienes and Wiersma (1942) observed the 
action of mcotine on the penpheral nerve-muscle preparation of the chelipcd of 
the crejdlah, Cambarus cktrht 'When nieotino (0 01 mgm /g ) wes injected mto 
whole nnunaJs there ■was an mituU mcrease m reflex exeitobihty follmrcd by 
depression, when nicotme (1 per eent) was appUed to penpheral nerve muscle 
preparations there was no effect 

The evidence from the several studies suggests that nicotme acts on motor cell 
bodies end possibly synapses m the arthropod nervous system, cauamg ex 
citation m low cmcentrationa and dopressioil or pamlysia m high concentrations, 
and it has little or no action on the nerve fiber or at the nen e endmgs on muscle. 

2. Curore In the vertebrates curare has the mhibitory actions of nicotme 
without prebmmaiy excitation Its paralytic actions on neuromuscular junc 
fions Is much greater than that of meotme This action has been shown to be 
due to a blocking of ocotjlcholmo at motor end plates The effects of curare on 
arthropods are quite different from those on vertebrates but m man> respects 
resemble the effects of nicotme on arthropods 

Carlson (1922) reports that curare, like meotme, first stimulates and then 
paralyses the arthropod heart after cuttmg extrmsic nerves In the iimtiliis 
heart these drugs act prunanly on the heart ganglion, not on the heart muscle or 
the mtrinmo motor nerve fibers. No excitatory action of curare on the heart of 
the crab. Cancer magttler, was observed by Davenport (1942) but high con 
centrations brought about periodic stoppage m diastole Da\cnport alsofound 
that previous treatment with curare greatly altered the resporse of Iho Cancer 
heart to Ach either the characteristic excitatory action of Ach was absent or a 
decrease m rate appeared after curare and Ach 

It has been known for many years that curare acts especially on the central 
nerveus system of crustaceans Thus Piotrowski (1893) observed that curare 
injected mto a crayfish resulted m complete jiaralyais but a chela removed 
showed all of the phenomena of a normal preparation on stimulation of its nerve. 
haU (1936a) has made similar observations on the crab, Caranue Elbe 
Thieiics and Wiersma (1942) found that the mjection of curare (0 3 mgm /g ) 
into entmo crayfish depressed reflex oxatahUity w hile one per cent curare had no 
nbservablo action on the penpheral neuro-musculor syotem of the crayfish It 
spjieaiB then that m the Crustacea curare has the inhibitory actiorsof nicotme, 
nsually without prchmmaiy excitation, whiJo both drugs fail to have anv de- 
monstrable action on penpheral nerve or my o-ncural junctions 

3 Afussonne This drug causes mcreascs m amplitude end frequency of the 
heart of Cancer (Davenport, 1942) but has no penpheral art ion in the crayfish 
®l!ia, Thicncs and Wiersma, 1942) 

4 PHocarptne Bam (1929) found the isolated heart of Ufaio to bo excited 
i^ pilocarpmo and that this action was blocked by atropmo. Roedor and Roeder 
(1939) hkowTso observed an excitatory action of pilocarpmo on the spontaneous 
•mllvity of the isolated nerve cord of Pcnplanela, nl*o that this action coulc 
completely blocked by atropmo. Elba Thicncs and Wiersma (1942) mjet 
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pilocarpine (2 mgm /g ) into entire crayfish and obtained increased reflex activity 
but failed to obtain an effect on penpheral nerve With a limited range of con- 
centrations of pilocarpme (6 X 10-< to 5 X 10">) Waterman (unpublished)* 
obtained large amphtude increases in constantly perfused preparations of the 
flexor dactyl of Mata 

6 Aceiylcliolim (Ach) Much mterest has been centered on this highly active 
substance m the past two decades It has been shown, with reasonable certainty, 
to be mvolved m transmission at ganghomc synapses m the autonomic nervous 
system, at postganghonic nerve endmgs m the parasympathetic andatmyo-neural 
junctions of skeletal muscle It probably playj a r61e m central transmission 
Thus far no direct evidence has been presented mdicatmg a r61e of Ach m con- 
duction along the nerve fiber 

The actions of Ach m the vertebrates are commonly classed as “nicotme- 
hke” or "muscarme-hke” accordmg to their resemblance to the action of these 
drugs For example, the action of Ach on the vertebrate heart resembles that of 
muscarme, while the action at motor end plates of skeletal muscle resembles that 
of mcotme 

Arthropod nervous systems contam relatively large quantities of Ach (see 
section III) but except for its r61e m the control of heart beat the normal functions 
of Ach m this group are poorly underetood It is important to keep m mind the 
evanescent nature of Ach m the presence of unmJubited chohnesterase, and 
the diflBculty which must necessarily attend the attamment of appropriate con- 
centrations of this drug at pomts where it may be expected to act Dale's 
group worked with great care and patience to demonstrate that Ach may, when 
properly administered, produce a normal muscle twitch 

Hearts of vetebrates are inhibited by Ach, the great majonty of arthropod 
hearts are excited The hearts of all decapod Crustacea that have been studied 
show an mcrease m amphtude or frequency, or both, followmg perfusion with 
Ach (MacLean and Beznak, 1933, Welsh, 1939a, b, 1942, Davenport, 1941i 
Davenport, Loomis and Opler, 1940, W^ersma and Novitski, 1942, Prosser, 1942) 
The heart beat of certam amphipods, isopods and copepods is accelerated by 
Ach (Prosser, 1942), that of Daphnta is slowed (Baylor, 1942), while the beat of 
the hearts of the primitive crustaceans, Artemia and Euhranchipus is unaffected 
(Prosser, 1942) The heart beat of Limtdus is accelerated by Ach (Garrey 
1942) Hamilton (1939) observed an immediate mcrease m frequency of heart 
beat m Melanoplus followmg the apphcation of Ach Prosser suggests that 
hearts which are accelerated are neurogemc, those which are inhibited are m 
nervated but myogemc, and those which are unaffected are non-mnervat^ 
Most observers have noted that atropme abolishes the response of the arthropod 
heart to Ach The Limvlus heart is an exception (Garrey, 1942) 

It IS difficult to demonstrate an action of Ach on the ventral nerve cord 
arthropods at concentrations which are physiologically significant 3cm 
(1938) observed an immediate augmentation m frequency and amplitude 

» Waterman, T H 1943 Cruatacean neuromuscular transmission (Thesis) Har- 
vard Umversity 
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jtenbflls from mtoct crayfish thonwao ganglia on application of Ach ID-* to 
This effect laAted for one mmute and was followed by a depression lasting 
le to pigh t minutes, dependmg on the ccmcaitration employed Concentra 
ms above 10-’ were found to have only a depressive action Prosser (1938) 
id earlier failed to obtain effects of Ach on spontaneoue electrical activity m 
afferented abdominal ganglia of the crayfish and following the study by 
onnet carefully repeated his expenmenU using a wide range of concentrations 
i Ach and three species of crayfish (Prosser, 1940) Ho was unable to observe 
ay effect of Ach on spontaneous activity or synaptic transroiasion m abdomin J 
ui^ at concentrations of lO-* to 10-* mclusive Higher concentrations did 
icrease the frequency of spontaneous discharge but failed to affect synaphe 
Msmission Furtheimore Prosser (1940) failed to find any potentiation of the 
tch Mtacsi with previoUB or aunultaneoufl treatineait with esenne Using 0 
Bitted nerve eord of Penplantla, Roeder and Roeder (1939) htewise did not o^ 
im an effect on spontaneous activity with either Ach or ethojej cholme un 
(mcentrations of lO-* or higher were used Previous treatment of the cord with 
serme ir’, which is Just too dilute to cause an mcreaso m activity, did not m 
lease the response to Ach Because the cockroach nerve cord responds to low 
cncentrations of such drugs as pilocarpine, nicotme and esenne (RoedCT ^ 
loeder, 1939) and contains large quantities of Ach and chohnesterase (Milka 
mis and Brown, 1941) It is reasonable to assume that a chobnergic sj-stem is 
liaying some part m its normal acbvitj What this may bo, howev er, remains 


3 be detennmed 

Several attempts have been made to ascertain whether or not Ach acts os a 
isnsmitter substance between motor nerve and skeletal muscle in Crust^a. 

■ variety of techniques has been employed and there has been consistent ure 
1 detect any significant action of Ach on penpberal nerve, or on muscle (Ba^, 
835, KaU, 19300, Elhs, Thienes and Wierama, 1942, Waterman, unpublished) 
Injection of Ach into Intact Crustacea may result in the autotomy of 1^ or 
eerease the toidency to drop legs which are grasped by forceps C'”® au 

Jwltm,1939) The exact mode of action was not determmed. It might have 

'*en to increase the number of sensory impulses, to facilitate 

o^on, to excite motor neurons or to stimulate the autotomixor muscle ii^ y 

Sffu, Thimes and Wiersroa (1942) observed that injected Ach produced ex 
atation (increase m reflex activity) m the crayfish 
6 EKrme (pkysotlxgmne) This drug ocU by blockmg the cniyme cholin 
shrase and allowing applied Ach to act before bemg destroyed, or allomrag m 
'« fflnulaUon of Ach at pomts where it normaUy acts. The observaUon that tne 
of a nerve is increased by esenne maj be taken as suggestive, u no con 
tluaive evidence that the nerve IS cholmergie , 

^^®aloration of a regular heart beat, and some acceleration with cse^e , 
Javo been obaerved m decapod Crustacea by Welsh (1939b) on 

and Opler (1940) Marked potenUation of the^on of A^ 
^UaUoo of the decapod heart has been observed (Welsh, 1939b, IW, 
Davenport, Loomis and Opler 1940, Davenport, 1941) Comparison o 
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acceleration of the crayfish heart produced by maximal stimulation of the 
accelerator nerve, before and dunng perfusion wth esenne, showed that esenne 
enhanced the effect of nerve stimulation (Wiersma and Novitski, 1942) 

Prosser (1940) found that esenne stimulated cells of ventral ganglia of cray 
fish to fire repetitively This action was usually followed by blocking of synap 
tic transmission Roeder and Roeder (1939) foimd that esenne lO”^ produced a 
great mcrease m spontaneous electncal activity of the isolated nerve cord of 
Penplanela 

Katz (1936) reported no sign of improved facilitation after esermization 
(10~^ to 10“’) of crab nerve muscle preparations Ellis, Thienes and Wierana 
(1942), however, observed that esenne mcreased the tendency of crayfish nerve 
to fire repetitively These latter workers observed that perfusion with esenne 
imtiated spontaneous contractions m the isolated cheh of the crayfish 

The anomuran crustacean, Pelroluihes armalus, was found to be extremely 
sensitive to mjected eserme (Welsh and Haskm, 1939) Injection of 0 3 7 /g 
caused increased motor activity followed by recovery, 0 75 7 /g caused greatly 
mcreased motor activity and imco-ordinated movements followed by sluggishness, 
failure to autotomize and the death of some animals, while 1 6 7 /g caused ex- 
treme activity followed by tetanic convulsions and 100 per cent mortahty 
7 Atropine In the vertebrates this drug paralyzes most of the chohnergic 
nerves with muscanne-hke action It does not prevent the hberation of Acb 
but apparently blocks “receptor substances” to prevent Ach from actmg when 
liberated Atropme has, at first, a stimulatmg action on the central nervous 
system from the motor area to the medulla, which is followed by depression 
Bam (1929) observed that atropme abolished the excitatory action of pilo- 
carpme on the isolated crustacean heart That atropme prevents the excitation, 
produced by perfused Ach of a variety of decapod crustacean heart'' has been ob 
served (Welsh, 1939a, b, Davenport, Loomis and Opler, 1940, Davenport, 1941) 
Davenport (1942) found the action of nicotme on the heart of Cancer magisler 
was not m any way modified by atropme, that atropme completely abolished the 
response to muscarme and acetyl-beta-methylcholme (mecholyl), but that the 
response to carbamylcholme (doryl) was not abohshed by atropme 

Carlson (1906) and Garrey (1942) have observed only an excitatory action of 
atropme on the cardiac ganghon of Limulus and Garrey found no blockmg of the 
excitatory action of Ach after atropmization 

Prosser (1940) found atropme (10“^) had no apparent effect upon the synaptic 
response m the crayfish nerve cord Roeder and Roeder (1939) report that the 
electncal activity of the isolated nerve cord of Penplanela is unaffected y 
atropme 10“’ but that previous atropmization completely prevents the ex- 
citatory action of pdocarpme These latter authors were unable to obtAm con 
elusive evidence that the excitatory action of Ach was blocked by atropin 
Atropine (1 per cent) was found to have an anesthetic action 
mto the isolated chela of the crayhsh (Ellis, Thienes and Wiersma, 19 ) 
action resembled that obtamed with nupercame, procame, diotbane ' 

phetamme Welsh and Haskm (1939) found that atropme mjected mto reir 
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luiMi had a depressive action, and, depending on the amount mjected, reduced or 
•boliahed the autotomy of appendages Croner (1922) dcscnbea the action of 
airopme mjected mto lepidopterous larvae as producing a “reversal of inhibition" 
smce a reversal in the behavior of the prolegs appeared after injection of atropme. 
Inter Croner and Pdi (1924) obtamcd gaie^ excitation of Melanoplus when 
alrojnne was mjected or npphed to thoracic gangha, 

8 ildrenoZtn This active substance from the suprarenal medulla and adren 
erglo nerves has many familiar actions m the vertebrates such as augmentation 
of rate and force of heart beat, inhibition of tone and movement of stomach and 
inteslme, etc Its actions m arthropods have not been extensively studied 
Adrenahn is known to excite the decapod crustacean heart (MacLean and 
Bemak, 1933, Bam, 1929, Welsh, 1939, Davenport, Loomis and Opler, 1940) 
Welsh, and Davenport, Loomis and Opler observed that the excitatory action of 
adrenahn persisted for some tuna dunng irashmg (20 mm or more mth isolated 
heart of Bonuhnis) 

Prosser (1940) found adrenahn 10^ to increase somewhat the spontaneous 
electncal activity of cells m the crayfish ventral nerve cord Ellis, Thiencs and 
Wieisma (1942) found no effect of adrenalin on the jienpheral system in the 
crayfish but on mjeebon mto whole animals there was marked depression of 
reflex eiatabUity This agrees with observations made by Welsh and Haskm 
(1839) on the effect of adrenalm m depressmg the autotomy reflex m Peinhtihtt 

0 Yohmbtne This drug m a saturated solution (about 1 20,000) lengthens 
the refractory penod of crustacean nerve (Bayhss, Cowan and Scott, 1935, 
Marmont, 1941, Ellis, Thienes and Wierema, 1942) 

10 Veratnne This mixture of alkaloids from the underground stems of the 
white hellebore, VenUntm, hss a very marked action on iwiphernl crustacean 
nerve Bayliss, Cowan and Scott (1936) found that veratrmc 1 25,000,000 when 
applied to isolated leg nerves of Afato, produced a prolonged after potential which 
persisted for one hour Ellis Thienes and Wierema (1942) observed that vera 
time tended to prolong the refractory period of crayfish nerve but more sinking 
was the mitiation of repetitive discharge which produced spcmtancoua tmtchmg 
of claw muscle. 

So far as la known no study has been made of the action of the veratrme al 
kaloids on the arthropod central nervous sj'stem 

11 PipmdmomcthylbaTzedtoxanc {93S^ This pipendmo denvatiio of 
dioiaae acts m vertebrates to antagonue adrenahn hut at the same timo stim 
ulates the central nervous system by an adrenalm like action (Gaddum, 1040) 
It was found by Watcnnaji (unpublished) to have a pmi'erful axcitatory action 
when perfused through the crustacean apjicndngo. Eesponses of the perfused 
flexor dactyl, bemg stimulated by way of norve, showed an amplitude mercaso of 
as much ns 300 per cent. Waterman says, "It was charaotonstic of the responses 
to this drug that the contractions became delayed and relaxations slower This 
delay was often so great that the tension had only risen to J of its final value when 
the burst of stunub to the nerve was already over Recovery from these largo 
effects was slow and often mcompleto" This action of 933F ohscrv cd by Water 
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man is accounted for by the observation of Elhs, Thienes and Wiersma (1942) 
that this drug mcreases the tendency to repeated discharge by crayfish nerve. 

12 Pprethrum Of the insecticides which have not been mentioned m tins 
section there is considerable information on the mode of action of the pyrethnns, 
The earher literature is cited by Shepard (1939) Elhs, Thienes and Wiersma 
(1942) found the pyrethnns, m very low concentrations, when apphed to nerve- 
muscle preparations of the crayfish were among the most effective substances m 
mducmg repeated discharge of the nerve A smgle weak shock apphed to the 
nerve after treatment produced a volley of muscle action potentials Injection 
of pyreiimns into an isolated claw mitiated spontaneous contractions It is 
remarked by these authors that spontaneous contractions are especially pro- 
nounced with esenne and pyrethrum 


SHMMARI 

A selection of a few of the more mterestmg and characteristic features of the 
arthropod nervous system follows The central nervous system consists of a 
“bram” formed by the fusion of paired gangha, followed by two ventral gan 
ghonic chams with vanous degrees of lateral and longitudmal fusion Sensoiy 
neurons have their ceU bodies located penpherally Numerous association 
neurons are found m the ganglia along with the motor cell bodies which are 
relatively few in number Recent studies with the polanz ng microscope have 
shown that arthropod nerve, like that of the vertebrates, is surrounded by a lipo- 
protem sheath The carbohydrate reserves of crustacean nerve are much greater 
than those of vertebrate nerve, as are its oxygen consumption and heat produc- 
tion It IS also more readily fatigued than vertebrate nerve Evidently the 
metabolism of crustacean nerve is less efiBcient than that of the vertebrates 
Crustacean nerve usuall 3 ’- responds to a smgle stimulus, unless of very short dura- 
tion, with a senes of impulses This may be due to its accommodation tune being 
slower than that of vertebrate nerve Isolated arthropod ventral nerve cords 
show a persistent rhythmic discharge Apparently certain cells m the central 
nervous system discharge without sensory stimulation Each of the axons 
mnervatmg a crustacean muscle produces a different type of response In a 
tnply-innervated muscle, one axon produces a fast contraction, another a slow 
contraction, while the third inhibits the response to the other two Since each 
axon mnervates all the fibers of the muscle, the entire muscle acts as a sm^e 
motor umt The tension developed is mdependent of the intensity of the 
stimulus, and is governed entirely by its frequency and duration. Each muscle 
fiber receives many branches from each of the axons innervating it The ex 
citation process is a local one, and is not conducted over the fiber Henre 
crustacean muscle shows a graded rather than an all-or-none response Although 
arthropod nervous systems contam large quantities of acetylcholine and c o m 
esterase it has been difiBcult, by means of pharmacological studies, to demom 
strata precise r61es for acefylchohne Many drugs do not have comp 
actions m arthropods and vertebrates For example, neither nicotme ® , 

block transmission from nerve to skeletal muscle m arthropods but o su 
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ttonce* have a central action A vanety of unrelated substances, including 
vemtnne, 933F, esenne and pyrethrum, when apphed to penpheral crustacean 
nerve, produce multiple discharge to smgle weak stunnli, 
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BIOTIN AND THE AVIDIN BIOTIN COMPLEX 
ROY HERTH 
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Tho present revievk is an attempt to bring together the available biological 
information regarding biotm and tho avidm biotin complex. The chemical 
aBpect of this subject has been adequately treated in 8e\ eral recent re\newR and 
w31 not be dealt ’^th here (1, 2, 3) 

WHdiers (4) first appreciated the requirement of certain strams of yeast for a 
trace factor, -which he called ‘'bios ” Subsequent study mdicated that the term 
referred to multiple factors affectmg yeast gro\vth One of these factors 
was isolated by Kfigl and Tonnts (6) and named “biotm “ 

Avidin ifl the substance which is considered to be responsible for the no^ous 
effects of the mgestion of large amounts of egg w hite In several species of animals 
(6) It has also been called “anti biotm” (7), but general usage has made avidin 
the more acceptable term, particularly smee other substances havmg anti biotm 
activity have been desenbed (133), (20), (20a), (20b) 

^{eihod» of QAsayfoT b%oUn In view of the quantitative requirement of numer 
ona Tnicroorganisms for biotm, microbiological tests for this substance ha\e 
been hijdUy developed Table 1 summanics tho essential features of the more 
c®^Mnonly used tests They all depend upon the same prmciple. The test 
organism is grown on a medium that will afford mcreaamg bactcnal growth as 
additional amoimts of biotm are added Optimal growth must bo achie\’ed 
upon the addition of an excess of biotm The grow th obtained may be measured 
turblduDctncally or acidimetncally 

The preparation of the sample for assay remains ooo of the most difiicult 
m testmg for this potent growth factor Lampen et al (17) have empha- 
the occurrence of biotm m bound form In most natural materials Various 
nicthods have been devised for the rolcaso of bound biotm sinco tho vitamin is 
ft\'aflable to the teat cp'gaiusni only m the free state Autolysia, ensymatio 
and scid hydrolysis are tho chief methods thus far employed, and none 
of them is umvcisally applicable (8, 13, 10) Incomplete liberation by too mild 
a treatment and possible destruction by more drastic procedures must bo care- 
fully avoided The shortooinmga of such extraction procedures are reflected in 
the 'widely differing assay results reported for many tissues and foods (8, 11, 12, 
17) 

Interpretation of the microbiological results is further complicated by the 
existence of several biotinliko factors uhicli support tho growth of tho several 
I'st organisms to varying degrees Burk and Wmilor have referred to these 
Etawth factors as “vitamers” and have indicated differences both m thou heat 
"Isbihty and in their tespocUvo potencies for several organisms (18) Moreover, 
the dlammocarboxyhc acid derived from biotm, tho natural occurrence of -which 

■179 
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IS totally unknown, has been shown to have 10 per cent of the yeast-growth ac- 
tivity of biotin itself (19) A considerable senes of biotin denvatives, which are 
discussed later, have been shown to have distinctive potencies for several different 
test organisms (20, 20a, 20b, 124— 128a) Accordmgly, a microbiological de 
tennination of biotin in a natural material is merely a resultant of numerous 
groivth effects and represents only that proportion of the total complex of biotm 
and biotinhkef substances which has been rendered available to the test organism 
employed 

Animal assays for biotm have been largely neglected because of the greater 
convemence and sensitmty of the microbiological methods However, Gyorgy 
and his associates (21-23) successfully employed the egg-white-mjured rat as a 
test animal in their earher studies of the properties of vitamm H In addition, 
Ansbacher and Landy (24) prepared a deficiency-producmg diet for the chich 


TABLE 1 

Mxcrdbtological methods for hxoltn assay 


IXST OSOAKISU 

XAKCE ZK 
UUXI 

KICmOOXAMS 

UnnOD OF VXADINO 

zuoz 

smtzsa 

Saccharomyces oemmae 

0 002-1 0 

Turbidimotnc 

Ptr ent 

(8) 

Saccharomycea oerevimae no 139 

1 0-0 6 

Turbidimetnc 

5 

(9) 

Lactobacillus arabinosus 

0 25-1 5 

Acidimetnc 


(10) 

(11) 

Lactobacillus casei 

40-1000 

Acitbmetnc 

10 

(12) 

(14) 

Lactobacillus casei 

100-300 

Acidimetnc 


(13) 

Clostndium butybeum 

0 01-? 

Turbidimetnc 

20 

(16 

17 

Ebizobium tnfobi 

0 016-?- 

Turbidimetnc 
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which could be used for assay purposes A study of the comparative biologies 
potency of natural material contaming biotm as determmed by the availabe 
ammal and microbiological methods would probably afford some mfonnatic® 
regardmg the various forms m which biotm may occur m nature Similar studies 
m relation to pyndoxme and fohe acid have led to the recognition of the severs 
forms m which these vitamins may be found (25, 26) 

Occurrence of btohrt In spite of the senBiti\uty of the microbiological 
our knowledge of the actual distribution of biotm m nature is not precise ® 
difficulties of adequately extractmg the entire biotm content from tissues as 
foods have led observers to accept the highest values obtamed as the true measi^ 
of biotm content For the reasons already discussed, these detennmatioiis can 

regarded as only gross approxunations until more is known concenung e co ^ 
ditions for optimal release of biotm from the bound form Several tabulations 
such determinations of biotm m a wide variety of natural materials are av 
(8, 11, 12, 16-18) Biotm is found in varymg degree m almost all substan 
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tested The hls^ content of biotin m hvcr and yeast indicates its close relation 
ship to the B-compIex, an observation actually made by Boas (27) m her early 
studies on egg white injury 

The presence of biotm in seveml hi^y purified natural matennls warrants 
special consideration Hoagland et al (28) have showm that the elementary 
bodies of VBccmia contain both free and bound biotm m approximately the 
same amoimt as' that found in such nob sources as egg yolk and liver Sprmce 
sad Bchoenbach (29) reported that highly purified concentrates of the tobacco 
mosaic virus protem contamed no biotm Miller et al (30a) found conmderablo 
amounts of bound biotin m numerous preparatioiis of ciystallme enrymes, but 
the concentrationa exceeded by far the expected amount of biotm assummg an 
equfanolar ratio of biotm to protein This suggested that the demonstrated 
hlotin IS presumably not an mtegral part of the enxyme molecule WiDuims et al 

(30) found that biotm as well as the other B-comp!ex factors were present m 
numerous preparationB of presumably pure proteins, mcludmg several orystallme 
ensymea and virnses. The data do not determine whether biotm is an mtegral 
part d these substances or is simply present as a trace contaminant In any 
event, the microbiological detormmaBon of biotm and the other fe-complex 
factors may bo utlliied ns a highly sensitive mdicator of the pimty of such biolog 
ical preparations (80a) 

The ocourronce of biotm m numerous phyla has been reported by Woods et al 

(31) Tlds almost universal distribution of biotin further emphssisea its basic 
biological significance 

Stolen and amdin tn nutntum and reprodveieon. Bond (82) reported that rats 
failed to grow when fed a diet containmg 30 per cent dried egg white. 

In 1924 Boas called further attention to the peculiar nutntive properties 
of dried egg white (33, 34) Her thorough description of the observable features 
of egg white injury m the rat includes virtually all that has been noted up to the 

present time. 

The rats grow well eeH are usually In good health for from 3 to 8 weeks Then red scaly 
patches appear at the cornets of the month, tho coot becomes tou^ end sticky end the long 
halts fsU out ThoVur on the abdomen ehowe at first a charecterletio ribbed appearance 
followed by the development of bald areas Meanwhile tho rod patches spread to other 
of tho body oed tho plotoro Ib one of on eexemAtoos demiAtitis Thero are oven ildii 
^^*®orrhafoo In bototo The region round the mouth is always tho moat aovorely 

*^wlod though there la often such marked blepharltlB that the oyea aro oloeod. Tho Io*s 
ofhairli often oxtonavo In a few oedema of tho foot has been aeen but this doeo not 
°*^y occur Theee rata alwaya have a dlalinctivo, aomewbat muaty emoU probably 
to tome conatltucnt of the urine The body weight ramaina atallcmary for a week or 
two, but falla alowly during tho oeoond atago of tho dlaeaao Thla la reached about 2 to 3 
^ka after tho development of the firtt elgna of doBcicncy To the dermatitis aymptoma 

nerroua upeot are now added Thero ia pronounced fpaatldty of the llmba particularly 
^ the hind legs and the back la arched The i*t aaaume* In many caeca a kangaroo-llko 
P®*t^ Some of tho rata do not ahow marked apaitldty but aasume a crouching atti 
tude and display a curioua Bwimming movement with the front pawa Death which occurs 
“ the final phase, is preceded by a rapid loss of weight and the animal shows algna of ex 
cyanoda. Rigor mortis aeU In rapidly Pool mortem there It an almost complete 
•haenco of fat and the akin la infiltrated and vascularited. 
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The abihty of certain foods to protect the rat against egg white injury was 
attnbuted by Boas to a “protective factor” (34) She concluded that the diying 
process rendered egg albunun toxic (34) Fnedberger et al ( 35 , 36) claimed that 
in rats fed cooked eggs the toxic effects were more marked and occurred earher 
than m those fed raw eggs Contranly, Seheunert et al (37, 38) and Stenquist 
(39) reported a marked toxic effect in rats fed raw eggs and normal growth in 
those receiving cooked eggs The basis for the discrepancy between these 
authors’ findmgs has not been detemuned 

Fmdlay and Stem (50) also described egg white mjury m the rat and suggested 
its siipilanty to “pink disease” m children 

Parsons and Kelly (40, 41) demonstrated the heat labihty of the toxic factor m 
egg white and found that it persisted m egg white denatured by alcohol and 
leached m runnmg water The toxic effects were reversed by feedmg hver or 
kidney and less readily by dried milk, wheat germ, dned yeast, and dned egg 
yolk (41) Salmon and Goodman (42) also descnbed the toxic effects of feeding 
rats egg white, eithei fresh or dned Lease, Parsons and Kelly descnbed egg 
white mjury m the chick, rabbit, monkey and gumea pig as well as m the rat (43) 
Further studies by Parsoiis and her associates ex'tended our knowledge of the 
anti-e^-white-mjury factor and of its distnbution m vanous foods (44-49) 

Bohs (27) called attention to the siimlar distnbution of the “protective fac- 
tor X” and the factors of the B-complex Gyorgj'’ (51, 52) emphasized the vita 
minhke character of this factor by refemng to it as “Vitanun-H”, a term denved 
from the German w ord “Haut” for skm This concept gmded the extended 
studies of Gyorgj’’ and his associates concemmg the chemical character and 
natural distnbution of vitaimn H (21-23, 56) Tins increasmg body of descnp- 
tive and quantitativ e data led to the ultimate proof of the identity of vitamin H 
and biotm (57, 58, 59) 

Nilsson et al (60) and West and AVilson (61) mpjinw'hile had suggested from 
comparative quantitative data on potent concentrates that coenzyme B> (62) is 
identical -with biotm This w as subsequently substantiated by studies reported 
by du Vigneaud and his associates (1) 

The mechamsm Aiherebj’’ egg white mjury mduces a biotm deficiency has been 
the subject of several mvestigations Parsons et al (63) found that the feces o 
rats suffermg from egg-white mjurj’’ proved curative of thns mjuiy only after 
heatmg They “suggested as a tentative h3T30thesis that raw egg white denves 
its essential capacity to produce a pathological condition not from its own 
sible lack of the protective factor m available form nor from the presence o a 
hypothetical anti-enzyme but from its characteristic m the digestive tract o 
combimng with and holdmg m an unabsorbable form the protective factor w ic 
ongmated either from the diet alone or, also from an excretion mto the d^es n e 
tract ” Eakm et al (64) showed that an egg-white-mjuiy-producmg let or 
chicks contained even more biotm than did a control diet contammg 
but that the tissues of chicks mamtained on the former contamed less lo m 
than the controls They concluded that egg-white mjury is attnbuta e o 
the capacity of egg white to render the dietary biotin unavailable to t e 
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of tbc bod> Eakm et al (06) found further that u conatitucnt of rav, egg ^vhite 
o capable of rendering biotin unn\ ailablc to yeast cells in ^ itro, and that heating 
effected a release of the biotin for the support of yeast groivth Gj orgy ot al 
(60) then showed a direct correlation between the capacity of an egg uiute prep- 
arabon to produce egg white Injury m the rat and its cffccti\'encss in combining 
with biotin in vitro The acti\o constituent of egg white has accordingly been 
called “avidm” which is a contracted form of the ongmal “aMd albumin”, a 
term signifying its activ e offimty for biotm (6) 

The nature of avidm and the character of the combmation of avidm with 
Uotm ha\c been the subject of considerable study Gyorgy and Roee (67) 
observed that when avidm concentrates were administered parentcrally they 
had a decisive therapeutic effect upon ogg white mjury This effect was attnb- 
ttted to the bound biotm content of the avidm concentrates which presumably 
became aioilable after injection Gyorgy, Rose and Tomarclh (08) reported 
the sensitivity of avidm to ultraviolet light and to acidification at pH 13, 
callmg particular attention to the fact that tlie presence of the aiuclm biotm 
complex tended to stabilito anv excess avidm present dimng such acidification 
Gyorgy and Rose (G9) further found that the a\ idm biotm complex resists treat 
ment with proteolytic enzvmeB mcludmg pepsin trypsm, pancreatm and papam 
In addition, incubation with preparations of b\er, ladney, muscle or blood bad no 
effect, How'e\er, about 10 to 20 per cent of the biotm could be liberated in a 
form which w as dialysable and w ould support y east growih by treatment at pH 3 
with 0 46 per cent HjOj These workers therefore feel that the metabolism of 
biotm and artdin is more mtiniatcly related to oxidation reduction systems 
than to digcstl\ e ensyraes 

It should be cmphasited that not oU substanuca capable of uupportmg yeast 
growth in the absence of biotm are Q^ idm-combinable Thus, du Vigneaud et al 
(70) prepared a diaimno-carboxylic acid from biotin w bicb supports y^jast gro\\i,h 
but B not inhibited by avidm, mdicatmg that the urea nng is presumably ossen 
tial for the formation of the avidm biotm complex. Dittmer and du Vigneaud 
(20a) have shown that shortenmg of the side chain of desthiobiotm elimi n ates 
the artdm -c ombinin g power of the derived compounds Oppcl (71) detected 
the presence of an avidin uncombmable substance in the urmo of the dog rabbit, 
rat and man. Burk and Winder (18) have detenmned the relatn'o proportion 
trf y^east supporting acti\ ity of vonoua natural materials which is not combmable 
with avidm Chu and tVilliams have employed different testing conditions 
and conclude that avidin uncombmable factors are found only m unne (18a) 
Woolley and Longsworth (7) pointed out that if yeast cells arc permitted ex 
pnsurc to a biotin-contaimng medium for 6 hours, the mibsctiucnt addition of 
avidm would be without effect upon their further growth They interpreted 
this phenomenon as mdicating that the absorption of the biotm into the yeast 
cell rendered it unavailable to the avidm Herts (72) has confirmed this obsor 
\‘ntion and has found m addition that the acid-cxtractable biotm content of a 
6 hour yeast culture remains a^^dln-coroblnable 
®®ne information concerning the chemical character of avidin has been ac 
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quired Parsons and Kelly (41) found that saturation wth anunoniuni sulfate 
precipitated the active material and that it was absent from purified ovalbumea 
Eakm et al (66, 73) prepared potent concentrates by ammomum sulfate frac- 
tionation of the acetone precipitable portion of fresh egg white Pennington, 
Snell and Eakin (74) prepared biologically active crystals, the chemical behavior 
of which mdicated that the “substance may be a protem with a large carbo- 
hydrate moiety " 

Woolley and Longsivorth (7) derived from raw egg white an amorphous 
fraction which they regarded as a smgle substance, as evidenced by homogeneity 
m electrophoresis and m sedimentation determinations The substance was 
16,000 times as active as egg white and proved to be a basic protem with an 
isoelectnc pomt at pH 10, and an estimated molecular weight of 70,000 Cun- 
ously, the pure substance retamed activity after boihng m dilute acetic acid 
and was stable at room temperature m solution at a pH rangmg from 1 0 to 11 0 

The distnbution of avidm m nature has been studied to a limited extent 
Gyorgy and Rose (76) detemuned that the amount of avidm present m the 
average hen’s egg is suflacient to more than completely neutralize its biotm con- 
tent Woolley and Longsworth (7) detected traces of anti-biotm activity m 
certain purified basic proteins Hertz and Sebrell (76) found relatively high 
avidm titres m the eggs of not only other birds such as the turkey, duck and 
goose, but also m^ the egg jelly of two species of frogs They emphasized the 
fact that the egg albumen represents a secretion from the mucosal Iming of the 
oviduct and demonstrated the presence of avidm m the oviduct tissue of the 
hen and frog (76) 

Fraps, Hertz and Sebrell (77) found that avidm is present only m the albumen- 
secretmg portion of the oviduct Moreover, the oviduct of the nonlaying hen 
was free of avidm, mdicatmg that avidm production may depend upon ovarian 
function Hertz, Fraps and Sebrell (78, 79) further demonstrated that avidm 
secretion could be reduced re the oviduct of the newborn chick by combmed 
treatment with stilbestrol and either progesterone, desoxycorticosterone acetate, 
or testosterone propionate Hertz (72) has tested mucosal scrapings from the 
oviducts of pig, cow and gumea pig for avidm with entirely negative results 

The suggested r61e of avidm and biotm m the physiology of reproduction re- 
mains imclanfied, but several additional studies m this connection should be 
cited Cravens et al (80) found that the low hatchabihty of eggs from hens 
mamtamed on a low-biotm diet could be overcome by adding biotin-contammg 
concentrates to the diet Kennedy and Palmer (81) have shown that egg-white 
rejury m the rat does not mterfere with conception but leads to frequent 
fetal resorption and unpaired lactation Snell and Quarles (82) showed that e 
biQtm content of the hen’s egg remains almost constant throughout mcubation 
Smgher et al (83) found that the hver of the biotm-deficient rat retains iw 
capacity to inactivate estradiol re vitro These studies are as yet too diverse 
to permit any generalizations to be made from them 

The possible relationship between avidre and other biologically active prmci- 
ples found re egg white has been investigated Laurence (53) reported a remar 
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iWe coneipondonce between the lyBoiymc activity and avidin potency of seven 
egg white concentrates Meyer (64) reported snnilar results and stated further 
that the addition of biotin maihedly enhances the lysosyme activity of egg white 
preparations However, Lnndy (66) had previously indicated a lad. of correla 
tion between lysoiyme and avidin activity Woolley and Longsworth (7) also 
noted that their pure avidin preparations lacked lytic power Alderton et al 
(84) reported that pure lysosyme not only failed to inactivate blotm but also 
that the addition of biotin did not enhance its potency In addition, higjdy 
purified avidin concentrates showed no lysosjone activity The more cogent 
evidence indicates, therefore, that avidin and lysosyme are distinct substances 
and that biotin is not mv olved m the lysosyme effect 

Biotm is known to be required by numerous species m addition to the rat 
horns and Emgrose (86) produced a dermatitis m chick on both a purified diet 
and one containing egg white Lease and Parsons (47) also obeerved a marked 
dennatitla in chicks fed egg white This chick dermatitis was more specificaliy 
attnbuted to biotin deficiency by Hegsted et al (86), who were able to cure 
severe skm lesionB in chicks fed a purified diet by feedmg small amounts of 
hiotm concentratca Ansbacher and Lnndy (24), employing a heated ration, 
were able to cure the deficiency syndrome by admmistermg crystalUne biotin 
Hegsted et ol (87) subsequently reported s imil a r rosulta with pure biotm. 

Perosia has been attnbuted to a biotin deficiency m both chiiiB (88) and 
turkey poults (89) Hichardson, Bogan and Miller (60) have mdicatcd that 
peraas in chicks may be a nonspecific effect of servoral nutnbonal deficiencies m 
addition to biotm deficiency Similar conclusions were reached by Fatnck et al 
(91) regarding porosis m turkey poults 

Among the rodents, the golden hamster hns been shown to require biotin for 
optimal growth and reproduction (62) However, the cotton rat is able to grow 
on a highly purified diet without added biotm (93) Reference has already been 
made to the observations of Lease et al upon egg white mjuiy m the rabbit and 
guinea pig (43) 

Man and the Macaco rhesus monkey are the only primates whose biotm re- 
quirement has been studied Lease, Parsons and Kellj obeerved a characteristic 
dermatitis and general debihty m monkeys fed a diet containmg egg white (43) 
Wafeman and Elvejhem noted a beneficial effect of biotin upon the hair coat and 
ikm of monkeys mamtamed on a punfied diet (94) 

Oppel (71, 96, 96) has determined the urinary and focal excretion of biotm m 
Ulan under v arymg conditions The normal adult excreted m the urine from 7 to 
89 micrograms of biotin daily Ingestion of a crude biotin concentrate was 
Piumptly reflected m a marked rase m urinary output No correlation could bo 
made between any of the numerous disease conditions studied and the urinary 
output of biotm The fecal excretion of biotm was mdependent of the dietary 
biotm and exceeded it m most mstanccs The occurrence m human urine of an 
avidmumcomhinablo substance which will support yeast growth has already been 
menhoned (71, 18) 

Gardner et al (96a) follow cd the biotin excretion in 3 normal young women on 
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a milk diet The umrnrj' biotm ranged fiom 40 to 57 micrograms daily and 
the fecal biotm was m the same range In two of the individuals the output 
exceeded the mtake ^ These findmgs are m agreement with those of Oppel (96) 
Sydenstncker et al (97, 98) fed an egg-white-con£ainmg diet to volunteers 
for pi olonged periods of time Aftei 3 to 4 v eeks a ti ansient dermatitis was 
observed After 5 weeks the followmg chmcal changes were noted lassitude, 
somnolence, muscle pams, hyperesthesia and anorexia Adi rums f, ration of a 
biotm concentrate, m amounts ranging from 150 to 300 micrograms per dav 
reheved the patients of these symptoms m 3 to 5 days The urmary excretion 
level of these patients fell gradually while they were on the expenmental diet 
and rose abruptlj’’ upon the administration of the biotm concentrate 
Wdhams (99) presented a detailed case report of an mdividual presentmg a 
dermatitis associated wuth a history of havmg subsisted on raw' eggs and wine 
for many years The dermatitis cleared while the patient was on a hospital 
diet but could not be reproduced on a diet of raw eggs, presumably because of 
biotm contnbuted by orgamsms harbored m the mdividual’s infected unnary 
tract The case is an interest mg chmcal cunosity but is not to be considered a 
proved mstance of human biotm deficiency 

Fraenkel and Blew ett show ed that the lanme of the beetle, Ti'ibohum confnsum, 
require biotm when grown on an artificial diet (100, 101, 102) Rosenthal and 
Reichstem reported smnlai observations on the same organism (103) 

The microscopic pathology from egg-white mjury m the rat has been descnbed 
m a senes of studies by SuUivan et al (104, 105, 106) In the skm, hyper- 
keratosis, parakeratosis, acanthosis and edema were observed The nervous 
system was found to show' no change, and the hypertomcity w'os considered to be 
associated with pathological muscle changes resembling those seen in vitamm B 
deficiency Shaw and Plulhps (107) also reported no changes m the nervous 
system of egg-white-mjured rats and descnbed the muscles as grossly small and 
pale, with imcroscopic evidence of atrophy but not of true degeneration 

McHenry and Gavm (108) found that a hver fraction which was nch m biotm 
produced fatty hvers m rats Subsequent study (109) show'ed that pure biotin 
was also effective and that inositol and hpocaic both counteracted this type o 
fat deposition (110) Later, MacFarland and McHenry (110a) reported that 
the biotm ty'pe of fatty h\ er which had been previously characterized as resistant 
to the lypotropic action of cholme w as m fact only partially resistant to choline 
The more complete chohne-resistance mduced by the admmistration of a hver 
fraction w as therefore attnbuted to a factor other than biotm and this specia 
t 3 q)e of fatty' hver w'as shown to be peculiarly responsive to mositol. Bert et a 
(110b) have concluded that the response to mositol and cholme of the biotm 
fatty hver” is not distmctive m character Moreover, the apparent greater 
responsiveness of the hv'er-fraction-induced-fat to mositol is regarded by 
a synergistic lypotropic effect of mositol with the chohne know'n to be contain 

» Gardner, J , Parsons, H T and Peterson, W H (Arch Biochem 8, 339, 1945) have 
extended these studies in ten subjects with similar results 
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m the Hvcr fraction eraployBd This interpretation seems to account more 
adequately for the data presented 

Ihe effects of biotm on other specific tissues have received some study 
Fischer (111) noted no effect of excess biotin either upon the rate of atrophy 
of thedenervated gastrocnemius muscle or upon the return of function foUowmg 
crushing of the sciatic nerve m the rat Tatere et al (112) similarly reported 
no effect of biotm deficiency m the rat upon tl^ usual results of crushing the 
tfljial nerve Hanulton and Plots (113) found that 65 per cent of cxplants of 
nerve tissue grown m vitro showed stimulatmg effects of biotm ■when added to a 
medium contfdnmg plasma, embryonic extract and Tyrode solution Con 
tranly, Burt (114) oteerved no growth-stimulating effect of biotm on nerve cells 
from chick embryos m tissue culture 

Boas (27) and numerous other observers have noted neurological changes In 
the hind limbs of rata subjected to egg white injury Nielsen and Elvehjem 
(116) reported a prompt relief of the paralysis exhibited by biotm-deficient rats 
foDowmg biotm administration Smith (110) has described a progressivu pa 
raljnna m dogs mamtamed on a purified diet supplemented with eight members 
of the B-complex and excluding biotm Prodromal features of the paralysiB 
include loss of co-ordination, weakness, and a transient generaUxed paralysis 
from which the animal recovers The final paralysis is cured in a few hours by 
administration of biotm in doses as low as 100 micrograms per kilogram The 
lyadrome is also charactenicd by cardiac failure wluch in some cases leads to 
sodden death * 

Schmidt and Landy’s completely negativ e findmgs on the effect of biotm on the 
blood pressure, heart rate, and respirataon of anesthetized cats indicate that 
Uotm lacks marked pharmacodynamic effect m the normal animal (117) 

The influence of biotm upon the susceptibility to and the course of infection 
baa been studied to a Urmted extent Tragor (118, 119) found* that biotm 
deficient chicks and ducks exhibit on increased Busccptibihty to certam strains 
of malaria, as evidenced either by a hi^er peak parasite count or a prolonged 
POTBisteiice of lu^ parasito counts m tho penphcral blood Moreover, the 
biotin level of the red blood cells and of the plasma of P lophtrae infected c hi c ks 
and ducka rose as the infection advanced and fell as the infection subsided In 
ducks this effect preceded any mcrease in circulntmg j’ming red colls. Control 
birds suffering from severe pantothemo acid deficiency showed no alteration m 
the character of the disease followmg moculation with P lophwrae These find 
®E8 were interpreted as indicating a specific r51e for biotm m the resistance of 
birds to malarial infection This conclusion rccoiv ed considerable support from 
«®£nnatoiy data of Seder, Ott and Gundel (119a), who reported that chicks 
on an egg w hite diet show ed significantly higher parasite counts after inoculation 
P hphxtrac than did control chicks receiving tho same diet plus biotm 

Caldwell and Gyorgy (120) reported a significant prolongation of tho duration 


'Rougaaer W R Elvehlem, C A and Ilnrl, E B (Troc Soc 

“1.2M 1W6) have presented oridenceindicatlnE that this ■yndrome mni bo nttribuUble 

^ pot»*BiaiD deficiency 
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of infection with Trypanosoma letom in the biotm-deficient rat This effect 
could be reversed by the administration of biotin even dunng the course of the 
disease 

No effect was noted upon the susceptibihty to either Lansmg strain pobo- 
myehtis or to Theder’s encephalomyelitis of mice rendered deficient in either 
biotm, pyndoxme or mositol (120a) 

Although reference has already been made to existmg reviews covering the 
chemistry of biotm (1, 2, 3), mention should be made of the recently accumulated 
data concemmg the biological effects of compoimds closely related to biotm 
Emerson (121) employed a therapeutic test m the egg-white-mjured rat and 
found that <ff-biotm was half as active as biotm and that Z-biotm was inactive 
when fed at 7 5 tunes the level of biotm In addition, cfZ-allobiotm, the dianuno- 
carboxyhc acid, dZ-diammo acid, dZ-allodiammo acid, and dZ-epiallo-diamino acid 
denvatives were all mactive at high levels Ott (122) found that Z-biotin and 
cC-allobiotm were without effect m preventmg dermatitis, perosis, and growth 
failure m chicks fed a pimfied diet containmg 15 per cent dned egg white In 
rats rendered biotm deficient by feedmg either egg white or succmylsulfathiazole, 
cH-desthiobiotm is reported to have only 0 1 to 0 01 per cent activity m compan- 
8on with d-biotm (123) 

Duschinsky et al (124) and Hofmann (125) mdependently synthesized a 
biotm analog m which the sulfur was replaced by oxygen. This compound, 
<C-hexhydro-2-oxo-l-furo [3,4] imidazole-4-valenc-acid, was named oxybiotin 
by the latter group (125) and o-heterobiotm by the former (124) Pilgnm et al 
(126) stated that this compound m df-form is half as active as d-biotm for Lado- 
badUtis ardbtTwsus and 40 per cent as active as d-biotm for L casei For S 
cerevisiae, this compound proved 25 per cent as active as d-biotm at half maxi- 
mum growth, but only 8 per cent as active at maximum growth Hofmann et al 
reported further that this compound possesses therapeutic potency m egg-white 
mjury m rats and both therapeutic and prophylactic effectiveness m biotm 
deficiency m chicks (128) Rubm et al (127) reported similar findmgs except 
that the activity for Ladobacillm casei was found to be only 26 per cent m com- 
parison with d-biotm In addition, this growth effect for L coset was found to be 
inhibited by desthiobiotm and inferential evidence was presented mdicatmg 
that the utfiization of this compound by yeast mvolves its conversion to biotm 
or to a compound of similar activity for yeast growth They also estimated 
this substance to be 5 per cent as active as d-biotm m cunng e^-white injury m 
rats and showed that it combmes with avidm m vitro (127) 

Hofmann and "Winmck (128a) developed a differential test for oxybiotm as 
opposed to biotm based on the sensitivity of the latter to treatment with dilute 
potassium permanganate By means of this test they showed that Sacoharch 
myces cerevisiae and Rhizobvum tnfoltt utOize oxybiotm without convertmg it to a 
compound which is sensitive to permanganate treatment Control cultures 
grown on biotm or on desthiobiotm contam only a permanganate-smsi ve 
substance The basis for the discrepancy between these findmgs and the 
Rubm et al (127) mdicatmg a conversion of oxybiotm to biotm by yeast ce 
remains obscure 
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Additional studies concerning the effects of biotin, desthlobiotin, and related 
compounds in bacterial and cellular metabobsm are discussed in the recent 
comprehensive review of Knight (133) 

More recently, Tatum (134) demonstrated the synthesis by PaadUxwn chrya 
ojentan of a substance whose biological effects are identical with those of desthio- 
biotm Piineho aad, but not cystme, enhanced the synthesis of this substance 

Numerous mvestigationa have been devoted to the problem of synthesis of 
biotm and of other B-complex factors by the mtestinal flora These studies 
have been revieived in detail by Daft and Sobrell (129) and by Najaar and 
Barrett (130) It is particularly noteworthy that in the rat a syndrome attribut- 
nhk m part to biotm deficiency can be produced by the molimon m the diet of 
roe of several sulfonaimde compounds which presumably inhibit the synthesis 
of biotm by the mtestmal bacteria (129a, 120b, 129c) 

The rdle of biotm and avidm m cancer is under study in several laboratones, 
and this aspect of the work was recently reviewed by Burk and Winiler (181) 
Subsequently, Klme, MiBer and Rusch (132) reported that the feeding of dned 
egg whhe at a 12 per cent level m a purified diet contalnmg suboptunal ribo- 
flavin resulted in a reduction in occurrence of hepatomas mduced with butter 
yellow m the rat from a control mddence of from 77 to 82 per cent to from 18 per 
cent to lero Esther heating the egg white or addmg biotm to the diet failed to 
alter the protectrve effect of the diet contammg egg white althou^ the cbarac- 
teristio effects of biotm defidency were prevented by both procedures This 
report reopens the problem of the mechanism of the protective effect exerted 
by egg white 

A number of significant studies concerning the effects of biotm upon cellular 
metabolism have been reported In their early observations Allison, Hoover 
and Burk (130) appreciated the remarkable stimulus to the respiration of rhiio- 
bium afforded by concentrates of the factor which they accordmgly termed 
'oensymo R and which was subsequently shown to be identical with biotm 
(60, 61) Alhson and Hoover later found that the response of ihiiobnim res- 
piration to coensyme R depended upon the presence of assimilable mtrogen (137) 
Burk, 'Winrier and du Vigneaud (188, 139) have shown that biotin defiment 
yeasts Bunilarly require ammonia or some other nitrogen source in order to re- 
•pond to biotm They also found that the effect of biotm upon biotin-deficient 
yeast is characteriied by a prompt rise in fermentation withm a few mmutes 
'Ihis is followed after an hour by a similar mcrease m respiration, but the growth 
tesponse is not apparent for sei’eral hours The biotm uptake of deficient yeast 
was rfiown to be rapid ei en m the absence of ammonia, but a mmoni a was not 
absorbed m the absmeo of biotm There was neither destruction nor synthesia 
of biotin accompanying yeast growth 

Burk and Winiler (18) hav e suggested a possible chemical relationship between 
the naturally occurrmg avidln uncombmablo form of biotin and the diamino- 
••^boiyilc acid derived from biotm which is also andin uncombinable (19) 
These authors hai e postulated that such a substance could function as a coen- 
•ymo of COi transfer by a reversible conversion to an avidin-combinable com- 
pound having a cloecd urea nng structure similar to biotm 
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Pilgmn et al (140) reported a marked depression of pyruvate oxidation in 
liver homogenates taken from both biotm-deficient as well as pantothenic-acid 
deficient rats Subsequently Summerson et al (141) studied the effects of biotin 
on the m vitro metabolism of tissues from rats which had been subjected to egg- 
white mjury In hver shoes from such animals they observed a sbght rise in 
O 2 consumption and R Q , and a veiy marked mcrease m the utihzation of both 
lactate and pyruvate The heart and brain preparations from the same animals 
showed no response to the addition of biotm Assay values given for the hver 
shces mdicated a substantial reduction m biotm content, but no biotin values 
are given for the heart and bram tissues studied 

General considerations The studies leadmg from Boas’ original description 
of egg-white mjury (27) to our present knov ledge of the subject have constituted 
a most remarkable research achievement Fust, the recogmtion of the egg 
white effect as a deficiency syndrome led to an appreciation of the existence of a 
protective dietary factor (27, 51, 52) Persistent study of the nature of this 
factor mdicated its vitammlike character and somethmg of its chemical and 
physical properties (40-41, 56-62) The identification of vitamm H with 
biotm and coenzyme R is one of those rare correlations which bnng together 
segments of information that might otherwise remam unco-ordinated for many 
years 

The next step forward was the demonstration that avidm exerts its charac- 
teristic effect by formmg an unabsorbable complex with biotm (63-66) Such a 
mechanism for the production of a toxic effect had not been previously encoun 
tered It will undoubtedly serve as a basis for many future mvestigations in 
toxicology and nutntion 

It should be emphasized that avidm is a normally occurrmg basic protein 
sustance found at least m certam speciahzed tissues of the gemtal tract m species 
known to require biotm (7, 74, 76-79, 87, 24) Moreover, it is hardly to be taken 
as comcidental that egg-yolk is a good source of biotm, while egg albumen has 
the pecuhar property of rendermg biotm meffective (5) Thus, a distmct 
metabohc relationship between avidm and biotm is suggested and the aflSmty of 
this tissue protem for a highly sigmficant metabohte is to be regarded as more 
than a cunous toxic effect 

Although our survey has mcluded numerous descnptions of specific biological 
effects of biotm and of biotm deficiency, these diverse observations give us httle 
mdication of the basic metabohc function of biotm Yet its universal distnbu 
tion in hvmg cells, its profound effects upon bactenal and tissue growth, and its 
very high level of biological potency per umt weight all suggest a fundamental 
r61e which is yet to be elucidated 

The immedmte apphcabihty of our knowledge of biotm and avidm to 
or technological problems is also obscure Interesting leads have been 
regardmg the possible r61e of biotm in resistance to disease (118-120) ® 

clmical usefulness of egg white as a bactenostatic agent has been reported (13 b 
but such effects may be attnbutable to lysozyme or other anti-bactenal agen s 
rather than to avidm The suggested relationship between biotm and cance 
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(I3I) IS too tenuous to command earl> clinical consideration Attempts are 
bebg made to relate clinical seborrheic dermatitis to the «Vin changes seen in 
egg ’white injury, but no definitn e data are as yet available Synthobc biotm 
analogs which might function as specific anti metabohtes have far reachmg 
therapeutic potentiahties (20, 20a, 20b, 133) 

Despite the considerable body of data already at hand, the avidm biotin 
problem offers a stimulatmg challenge for further study 
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THE METABOLISM AND PERMEABILITY OF NORMAL SKIN 
HEEBEET 0 CALVEEY,' JOHN H DRAJZE akd EDWIN P LAUG 

DirUiwi of PkoTTnwxlogy Food and Drug AdmtnttirtUtonf Fedoral Socunty Aptfncy, 
Waihingion, D C 

While it has been successfully demonstrated that many orEans of the body 
ihow a relationship between their functional capacity and their metabolism^ 
present information does not permit us to assume a relationship between skm 
permeabflity and sViti metabolism m man and Uie higher an i ma ls A search of 
the literature hym revealed that in most instances the skin has been regarded as a 
membrane whose viabiUty was not necessarily concerned with the passage of 
snbstances mward Gheater stress has been placed on the mecha n ical and 
chemical propertieB of the skm, and it is, therefore, not surprismg that the 
relationship between hvmgnesa and permeability has received scant attention 

METABOLISM H O CALVFUV 

In thiH section of the review the metabolism of the skin \vill be considored m 
its somewhat narrower chemical sense Primary considoration will be given 
to the more recent literature, part of which has already been evaluated, but 
from the physiologist's viewpoint (1, 2) Only the skm of man and the higher 
animals will be considered, and while an attempt will be made to restrict this 
review to normal Blnn only, it will bo necessary in the case of the vitamins to 
admit the evidence of deficiency lesions in order to shon the relationship of these 
sobetances to the normal metabolism of the skin 

Proinn 'WiDcerson (3) has analyzed human stratum comeum obtained from 
a case of exfoliative dermatitis, and reported a total N content of 15 09 per cent, 
calculated on an nub free basis The percentage distribution of mtrogen was 
as follows Humm N, 2 11, amide N, 3 0, basic N, 30.31, filtrate N, 68 44, 
Mh, 2 0, tyrosme, 6 7, tryptophan, 1 6, cystme, 2.3, histidine, 0 6, lysme, 3 1, 
and arginine, 10 0 Objection could be made that the distribution of the ammo 
adds in the sample of skin analyzed might deviate from that m skm which had 
'^cwpiainatcd normally It is beheved, however, that the samphng ernw m 
attemptmg a precise separation of stratum coraeum m normal skm would bo 
far greater Wilson and Lewis (4) have reported cystme values for norm^ 
human skin w hich arc essentially m agreement with those of Wilkerson, although 
it 18 not stated how closely the samphng was restneted to stratum come^ 

The constitution of keratm, particularly of hair and wool, as ropr^ntaUvo 
of tha class of proteins, hnn been extensively studied in recent jears by ury 
©I Huggins (6), and othera There is general agreement that thej are ^rous 
atructures poescssmg the phenomena of elasticitj and regular mte niQ(^ ^ 
folding mto gnd like structures, composed of polypeptide chains vnth 

8, 9) and possibly other (0) cross linkages in the pol> 7 «ptidc gnd it is 
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to their structure pninanly that the resistance of the keratms to penetratjcm 
and destruction is attnbuted (10) The protein metabohsm of the keratmization 
process dififers from the protem metabohsm of the mtemal cells There is 
selection of polypeptides, high m c 3 ^Btme and tyrosme, contaimng large numbere 
of — S — S — and possibly other bridges, and there is strai^temng of the coiled 
polypeptide chains of the cell proteins of the lower layers The ammo acids of 
the keratins are not returned to the circulation by catabohc processes but are 
lost by exfoliation 

The dearth of information concemmg protem and ammo acid metabolism of 
the conum is undoubtedly due to lack of the necessary techmques for the study 
of the specialized processes m the skm Pigmentation, bemg an obvious, 
characteristic process of the cells of both the epidermis and derma, has been 
mvestigated by both in mlro and in vivo studies Although tyrosmase has not 
been demonstrated m mammalian skm, it is generally assumed that tyrosme 
mdirectly, and 3,4-dihydroxy phenylalanme directly, are the precursors of the 
melanm of mammalian melanoblasts FoUowmg in vitro mvestigabons of 
Rothman (11) and others (12-26), the view has been presented that the tyrosme- 
tyrosmase system may be contnbutory to the physiology of pigment formation 
m mammahan skm In addition, factors such as ultraviolet hght (11), oxidants, 
antioxidants (12), adrenal glands (21) and the male and female sex hormones 
(19) have been shoivn to affect pigment metabolism Two stnkmg, mdependent 
reports by Fessler (27) and by Lewm and Peck (28), should stimulate further 
mvestigations These mvestigators, usmg spotted gumea pigs, mterchanged 
dark and white skm grafts by transplantation It was found that the white 
areas were mvaded by pigmentation from the surrounded or surroundmg dark 
skin and Fessler reported that this mvasion contmued for a penod of two years 
For further details on pigment metabohsm, particularly from the histological 
viewpomt, reference should be made to Meirowsky (29) 

New techmques for the separation of the epidermis from the conum by means 
of either heat, chemicals or trypsm have been developed by Baumberger et al 
(30) and Medawar (31) By the use of chemicals (31) it was possible to separate 
the epidermis m its entirety, or distal to the basal cell layer, thus affordmg an 
opportumty to contrast chemical composition of the different layers The ^ 
of heat (30), however, seems far supenor to any techmques previously descnbw, 
smce it probably entails mmimal alteration of the chemical composition of ^ 
cells , 

Carbohydrates The carbohydrate metabolism of normal and patholoffca 
skm was reviewed m 1940 by Combleet (32) with a good bibhography , there ore, 
many details need not be repeated here , 

Tn table 1 are summanzed the average glucose values for normal 
animal skm In the case of human skm, the analyses were made of epi 
plus derma without subcutaneous fat Because of uncertamty ^ 
techmques, analytical methods and vanations m nutntional state ^ ® 1 

some of the values may be subject to revision For example, Pms 
Kulchar (40) have found that the presence of glycogen m the skm is ft 
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wblch may produce errors m ^ncose analysis Combleet (32) has found that 
not only is the sampling site important m judgmg the glucose content of the 
lion, hut also the layer depth, thus, the average glucose content of a superficial 
layer was 80^ mgm per cent but of a deeper layer only 62 1 mgm. per cent 
As reported by Combleet (32) several mvestigators have studied the ratio of 
ahn ^cose to blood ^ucoee and nearly all agree that the glucose level of the 
akm IS directly related to that of the blood, there being a delayed rise and fall 
m the sldn somevdiat proportional to the nae and fall m the blood While table 
1 showB ^coee values higjier in skm than m blood, it appears that the truer 
picture IS represented m Combleet’a analyses Here the blood values range 
hitler than these of the don m all six species exammed The evidence indicates 
that the glucose of the sldn is not bound but is freely diffusible, and its level can 
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he influenced by a number of factors For example, insuhn, phlorhirm, epi 
n^hrine (intracutaneously), cutting the circulation to and from the hver, and 
topical application of ice, all lower the glucose level, while epmephnne (sys- 
temically), histamme (intracutaneously,), congestion, local heat, ultraviolet 
radiation, and chrysarobm, all elevate the glucoee leveL 
Values for the glycogen content of the skm of man, dog and rabbit have been 
“ssembled in table 2 Generally speaking, except for the older values 
of Schondorf , it can be said that the data are more reliable than those for glucose 
Althou^ the glycogen of the nVm may be regarded as leas mobile than the 
Rlucose, ite level does respond to changes in diet (47) or fastmg (33) In addi 
tlon, Ckimbleet (32) has listed other factors which more or less mfluenco the 
level of glycogen m the skm, these are (a) mtravenous glucose (slight m 
Ocase), (b) mjection of epmephnne or insulin (increase), (o) stopping blood 
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flow to and from bver, or mtracutaneous epmephrme (decrease) In contrast 
to the effect on glucose level, factors such as phlorhizm, mtracutaneous biRtAminn^ 
topical apphcation of heat or cold, ultraviolet hght and chrysarobin produce 
no effect on the glycogen level m the alnn 
The lactic acid content of skin has be6n detenmned by PiUsbury (48) in 
animals under a vanety of nutritional conditions He found that the lactic 
acid content of the skm of well-fed animals (range 70 to 138 mgm per 100 grams 
of skm) was twice that of fasted animals (range 42 to 61 mgm per 100 grams of 
skm) and that on mcubation m dextrose solution there was an mcrease m lactic 
acid formation over that of the control Fahng (45) confirmed these findings 

TABLE 2 
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“Bound carbohydrate”, probably glycoproteins (36, 37), glutathione (4^ 
and acetaldehyde (49) have been studied in relation to the mtermediary car 

hydrate metabohsm of skm . 

Lt-pids The “total hpids” of human “cutaneous epithehum”, and cholesteiv 
have been carefully detenmned m two separate sets of tissues by Eckstein an 
Wile (50) The first group of eight samples was the exfoliated epithehum 
patients havmg various disorders of the skm and from the soles of cadav^ w 
slnn appeared to be normal These samples were hydrolyzed with ^ 
acidified before extraction with orgamc solvents, therefore, the valuM rep 
total hpids less the previously bound glycerol The values for to ^ ^ 
ranged from 2 4 to 9 9 per cent In a second group of four samp 
thoroughly extracted, the residue hydrolyzed and agam extracte 
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tional proccsBiDg added only 4 per cent to the weight of the total hpids found 
In this second group the total hpid content of the Rlnn ranged from 6 9 to 8.2 
per cent, the respective concentrations of some of the constituents of the total 
Gpids were as follows Total cholesterol, 18 to 23 per cent, free cholesterol 16 to 
21 per cent, phosphohpid, 2 6 to 3.2 per cent 
The mvestigations of others (61-~67) have in general confirmed the findings of 
Edffltem and 'Wile (60) The study of tho skm of the steer by Koppenhoeffer 
(66) is the most exiensi\ e of all chemical analyses of skin reported and should 
be referred to for details The fresh skm was separated into six approxunatolj 
bomontal layers mchidmg tho hair Reference to some of the data which are 
snninanicd m table 3 shows that cholesterol and free fatty acids ore found chieBy 
in the epidermal region The evidence clearly mdicates that the ‘Txiaal” epi 
demial division la the most active motabobcally The complex phoepholipids 
chdesterol and ita eaters, oxidised cholesterol waxes of hydroxy acids with ah 
phaUc alcohols, and saturated hydroxylatcd free fatty acids derived from seba 


TABLE 3 
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cwus and epidermal cells constitute n ^er} high percentage of tho hpids of the 
epidermal region 

Burtenahaw (67) has contributed important information on tho metabolism of 
tbe Iipida of the skm and thoir bactcnocidnl action He found that oleic acid and 

other long-cham fatty adds and their soaps were strongly bacteriocidal, particu 
Iwly at pH below 7 The high antlscptio action of the unsaturatod fatty acids 
not always related to tho degree of unsaluralion 
Vtfamtns Observations on both man and animals rc\ eol that the skin and its 
*ippcndage8 often show stnkmg changes in vitamin deficiencies With tho avail 
ability of the purified vitamins, it has been found possible to define these rcla 
boDihips more clearly Although the normal metabolism of the skm un 
doubtedly depends on a proper balance of oU the vitamins, it is quite obvious that 
there IS a more direct relationship m the case of some of them than in others 
Two reviews (68 69) Bununanso the data available up to 1942 
Bi the normal metabolism of tho cells of tho epidermis, vitamin A is required to 
prevent motaplasia and hyperkeratosis of the surface epithelium (GO) formed by 
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the rete malpighu and to prevent atrophy of the epithehal cells of the sebaceous 
glands -with the accompanying accumulation of heratmized cells blocking then 
ducts 

No specific requirements of the cells of the skin for thiammo have been estab- 
lished although there is a general appearance of malnutntion m its absence To 
maintam norma] elasticity, ngidity and color of the skm thiamme is required (61) 
These are mdirect effects probably resultmg from the action of thiamme on nerves 
of the skm As a component of co-carboxylase, thiamme unquestionably must 
function m the pyruvate metabolism of the cells of the skm 
Eiboflavm as a component of cellular enzyme systems (the oxidation-reduction 
mechanism) plays a r61e m skm respuration (62) That it plays a rflle m the 
capillary dilatation of the akin is evidenced by the pallor which develops m early 
deficiency and the scarlet redness of some areas which develop later Probably 
the most characteristic action of nboflavm m skm metabolism is its stimulation of 
normal hair folhcle and hair development In adchtion, a number of other es- 
sential fimctions have been discovered (a) It prevents atrophy of the sebaceous 
glands (58), and (b) it is necessary for regular epidermal cell development and 
comification processes When a deficiency of nboflavm occurs, it may be fre- 
quently manifested by the skm of the face as a greasy, scajy desquamation of the 
nasolabial folds, bndge of the nose and forehead 
Nicotmic acid is another component of the B complex which is specifically 
req[uired m skm metabohsm Without it characteristic lesions of the skm de- 
velop These have been amply descnbed m the hterature Its deficiency is thf 
pnmaiy cause of the lesions of pellagra and black tongue (63-69) The findings 
of Denton (63, 64) confirmed by Eddy and DalldOrf (65) would mdicate the func- 
tion of mcotimc acid m the skm is to mamtam normal water balance and stnie 
ture of the collagenous fibrils of the basement membrane With this layer m a 
normal nutritive state, the epidermis, unless otherwise affected as m vitamm A 
deficiency, remains normal However, when there is failure to mamtam the 
specmhzed supportmg tissues (basement membrane), the epidermis responds with 
reparative proliferation, dyskeratosis, and atrophy accompamed by vascular en 
gorgement with ectasis and finally cicatrization of the conum The skm of lower 
animals does not show these changes as clearly as the skm of man 
The evidence that pyndoxme is a requirement for human skm metabolism^ 
limited and not conclusive (70) It is, however, requued by the rat (71, 7 ), 
and probably by the chick, dog, pigeon and pig (58) 

There is evidence that pantothemc acid is reqmred fay many species for 
normal function of cells in general, moludmg those of the skm (58, 69), altboujp 
its requirement has not been established for man In the skin of anima 
appears that a deficiency of this vitamm affects the epithehal cells of the ep 
mis, hair folhcles and glands The manifestations frequently seen are hyper 
tosis, atrophy, desquamation, alopecia and achromotnchia iisees 

Lack of ascorbic acid has been shown to result m petechial 
usually located penfolhcularly (73), and there is some evidence that t 
may also be associated to some extent with pigment formation (19) 
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vents avidin dennatitiB in the rat (16), while inositol defimenoy results in an 
alopecia and dermatitis in the mouse (76) Petechial hemorrhages and ecchymo- 
EB of the sbn occur m vitamm K deficiency (76), and the lack of unsaturated 
fatty adds (77) produces cutaneous swellings, alopema and dandruff like scaling 
in the rat. 

Yltanun D apparently does not play a direct rile m the normal metabolism of 
the cells of the skm, although there is some evidence that it affects the oxygen 
uptake (78) 

Swtal The sudoriferous or coll glands are located over the entire surface of 
the body except the msrgm of the bps, the glans penis and the inner surface of 
the prepuce These glands are of two types The apocrme or larger sweat glands 
arc located in the pubic, cucnmanal, abdominal, mammary and axillary regions 
These secrete, in addition to an aqueous sweat secretion, an odoriferous substance 
xhlch is generally considered to produce sex attraction, and hence the apocrine 
^ds are sometimes called accessory sexual glands These glands m the female 
undergo some change in morphology durlog the menstrual cycle The most 
numerous sudoriferous glands are smaller eccrine glands of much more general 
distiibution over the body surface 

The product of the sudoriferous ^ands IB both a secretion and an excretion. It 
is a secretion because the product helps to mamtam the skm m a supple condition 
•ad preserves tactile senidbihty (79) Even the elements which must be con 
odered pure waste products may serve some purpose durmg their discharge from 
the body 

CompasfHon of tuxal The aad reaction of the sweat is due to the presence m 
this secretion of fatty acids, and sodium and potassium acid phosphates Me 
Swhiey (80) gives the foUowmg average values for the composition of human 
sweat for 10 normal females and 14 normal males, rcspectiv ely 
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Amino add N 
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13 6 20 0 
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0 37 

0 30 
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6 14 6 67 


The presence of largo amounts of lactic add in the sweat was not confirmed by 
MeSwmoy However, Couraud (81) found in the sweat of healthy subjects total 
organic acids equivalent to 13 to 45 cc of 0 1 N NaOH/lOO cc of the secretion 
Of this acidity 66 to 86 per cent was due to lactic add and 10 to 22 per cent to 
volatile adds 'Whitehouse (82), in an analysis of the dissolved constituents of 
human sweat, found wide mdividual \ anations m the K, Na and chionde con 
rcntrntions. The chloride ion concentration was usually greater than 0 16 per 
cent and occasicnally rose to as high as 0J6 per cent The K concentration was 
*><twctn 0.014 and 0 022 per cent Tbo sulphate amon concentration was 
eppreximately 0 004 per cent The ratio of organic matter to ash \ancd with 
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durationandintensity of sweating and was as low as 1 12 The lactio acid con 
centration varied from 0 068 to 0 122 per cent and was mdependent of its con- 
centration m the blood It leads to the conclusion that lactic acid is a normal 
product of metabolism and a secretion of the sweat gland rather than an excre 
tion from the blood The reaction of the sweat is influenced by the normal acidic 
reaction of the skm The pH values of sweat collected from the unwashed acidic 
skm were as low as 4 4 

The excretory function of the sweat is illustrated by the presence of many sub- 
stances similar to those found m the urme These are urea, ammonia, unc 
acid, creatimne, chlorides, phosphates, sulfates and certam enzymes Concen 
trations of the above are much lower m sweat than m the urme 

Teiment and Silber (83) studied vitamm excretion m male subjects given nor- 
mal diets and diets supplemented by 250 mgm of ascorbic acid, 50 mgm Ca 
pentothenate, 10 mgm thiamme chlonde and 10 mgm nboflavm daily for one 
week Thirty minutes before be ginnin g collection of sweat, each subject re- 
ceived m addition 1 gram of ascorbic acid and 50 mgm of the other yitamms 
Analj^es of the sweat showed (a) insignificant amounts of thiamme, (b) no ascor- 
bic acid, (c) 200 micrograms dehydroascorbic acid per hour, (d) 10 micrograms 
nboflavm per hour, (e) 50 micrograms pantothemc acid per hour (24 micrograms 
per hour m subjects without supplementation) It is concluded that the loss of 
vitamins m sweat is too small to cause a vitamm deficiency Sargent, Robinson 
and Johnson (84) studied the sweat of 11 healthy young men on normal diet pro- 
duced under vanous conditions of heat, relative humidity and exercise Fresh 
sweat was exammed for the followmg substances Ascorbic acid, dehydroascorbic 
acid, thiamme, diphosphothiamme, nboflavm and mcotmic acid Loss m the 
sweat of the body's store of water-soluble vitamins was not significant Even 
imder conditions which mduce a daily loss of 10 to 15 hters of sweat, excretion of 
Yitamins was considerably greater m the urme than m the sweat 

Not m agreement with the foregomg mvestigators, Bemstem (85) observed 
that mmers exposed to temperatures of 97°F m the Witwatersrand gold mines 
excreted m the sweat 0 5 to 1 1 mgm of ascorbic acid per 100 cc or about 2 mgm 
per hour This is offered as a possible explanation for the relative frequency o 
scurvy among those mmers Hardt and Still (86) observed that important 
quantities of thiamme are lost from the body m human perspiration The loss 
of ascorbic acid was much lower 


HISTOLOGICAL ASPECTS OF SKIN PBRMEABILITT J H DKAIZE 

The epidermis of the skm with its imperfections m the contmmty of its 
cell layers (1) and its many “pores”, (hair folhcles and mouths of the ducts o J 
sudoriferous and sebaceous glands) presents a sieve-hke surface It is caps 
engulfing considerable material which m a physiological sense has neither^P®^^^ 
trated nor been absorbed Material which has been pressed mto the skm o^^ 
and “pores”, may appear m the conum if sujfficient munction pressi^^ ®PP 
and if the material is m a sufiSciently fine state of division Thus, '^^uybed 
states that carbon particles of small size may, with sufficient massage, e 
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mto tho conum, indicating that the epidermis la not an impemous membrane to 
such inert materials as carbon partides 

This Beotion of the review will himt itself to a conaideration of m ammalian ekm 
In many of the lower forms of life the skin is tho mam organ of ahmentation 
respiration and excretion It is also the mam sense organ Except when at 
physiological rest, such skm is freely permeable to water and electrolytes (6) 
As tho organism develops phylogenetically, tho skin loses m some degree some of 
these functions, and m mammalia other organs have assumed the main part of 
the functions of alimentation, respiration and excretion 

it 18 a chamctenstio propertj of warm blooded animals that the homy lajer 
of the skin desquamates constantly and umnterruptedly (I) This sloughing pro- 
cess does not mvolve an entire layer as m reptiles and amphibia but is a gradual 
process m which a few cells are shed at a time This gradual desquamation of 
the outer cells of the homy layer accentuates a pnmnry function of mammalian 
skm, namely, the prevention of the inward mov ement of materials which happen 
to contact the surface of tho skm The process of comification m the epidermis 
and the epithelial lining of the upper portions of the hair follicles and of the coiled 
ducts of the sudoriferous glands is further endence that the skm is constmeted to 
tme as a barrier to the mward transfer of matenals The vntal processes of 
ma mm a lia n elan, whether these be secretion, excretion or self regeneration, all 
inaatrate one principle, a process mtended to exclude to slough and to expel 
materials rather than to abet their absorption or penetration 

Tho skm m the human is the largest organ It comprises approximately 16 
per cent of the total body weight No other organ is equally exposed to as many 
external influences It serves ns the organism’s armor m protecting the deeper tw- 
suessgamst trauma and desiccation Histologically theslanisatypicallystmtifled 
organ, sections of which, by ordinary stairung technique, appear to be sharply 
defined into three layers, tho epidermis the conum (cutis or trao skm), 
and tho subcubs Although the cutis and subontis appear to bo dissimilar, 
they am one anatomical entity Embryologically, the skin is denved from two 
germ layers, the eotodorm and mesodeitn The outer stratified portion, tho 
cpidenma, is ectodermal in otigm This view, however, has not been um\ ersally 
accepted Fneboes (3) attempted to show that the epidermis is deni ed from 
the mesoderm tho cells of the epidermal layers ongmatmg from a tranaformation 
and emigration of the endothelial cells of the vaacular aystem of tho conum 
PmcUB {i) has reviewed cntically the ondenco to establish tho crabryological 
ongm of epidermal cells He concludes that the preponderance of this evidence 
indicates that the epidermal cells have an origin of their own and are independent 
of n genetic relationship with tho conum 

A detailed discussion of tho histology of the normal skm is not within the scope 
of this review and only those structures which by character or architecture affect 
skin permeability will be discussed For more detailed considerations of tho 
histology of skin stnicturcs reference should be made to Pincus (1) and 
Hoepko (6) 

The surface of the skm is covered bv a grcaav lavcr ennslsting mainly of waxes 
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and free and estenfied cholesterol (6) This layer extends inward, so that it also 
fills the interstices between the cormfied cells The water-sheddmg capacity of 
the skin, at least for short Contact, may be explamed on this basis (7) Starken 
stem’s concept (8), however, that the water-unpenetrabihty of the skin is due 
to this greasy layer, specifically the cholesterol, must be modified (9) 
Cholesterol itself, but not its esters, is hydrophihc, Stahl (10) has analyzed akm 
surface fat for cholesterol and finds 14 per cent free and 2 per cent bound, or a 
ratio of 7 to 1 m the outer surface layer, while m the stratum comeum he finds 
10 7 per cent free and 8 9 per cent bound, or a ratio of 1 2 to 1 Thus the outer 
surface layer of fat appears to have the highest hydrophihc capacity In addi 
tion to the hydrophihc property of cholesterol, the keratm m the cormfied cells 
tends to take up water and swell It appears, therefore, that the greasy surface 
layers and the stratum comeum might, accordmg to Leshe-Roberts (11), be con 
sidered a potential reservoir for holdmg water soluble substances m mtimate con 
tact with the skin From this favorable depot, it is conceivable that penetration 
or absorption (m the sense of physiological activity of hvmg cells) may be en- 
hanced 

Smce the skm is perforated by gland ducts and hair foUicles, the transfer of 
substances through the skm via these avenues must also be considered The 
mouths and lumma of these stmctures are usually occluded by sebum and cell 
detntus, and even air, which would form for aqueous solutions at least a type of 
“gas lock” MechamcaUy forcmg materials into the appendages has long been 
considered the circumstance most favorable to absorption or penetration This 
IS because the lower portions of the lumma and secretmg cell portions of the ap- 
pendages are not Imed with dead cormfied cells, but with active, hvmg cells It 
would appear, therefore, that once a substance has penetrated the thm layer of 
active secretmg cells and mto a vmble portion of the skm it can be truly said that 
it has passed the barrier of the skm 

The epidermis, restmg on the baseraenn membrane and conum, consists of five 
layers of stratified squamous epithehum Begmnmg with the innermost, an 
gomg outwards, the layers are Stratum cyhndncmn, stratum spmosum, stra^ 
granulosum, stratum lucidum and stratum comeum The latter is further 
ferentmted mto a flattened-cell layer and a scaly layer The epidermis has no 
blood supply but depends on the conum for nourishment and flmd exchange 
Hence the viabihty of the cells m the various layers as detennmed by their ap- 
pearance m microscopic sections is directly proportional to the proximity o 
cells to the conum Pmcus (1) considers the upper portion of the stratum 
sum as the level at which cells begm to show detenoration and lessened via ^ 
Cells of the progressive layers above this zone become less viable There 
stamable nuclei m the cells of the stratum lucidum and stratum comeum 
acidity of the stratum comeum (1, 12) cells is not due to metaboho activity 
results from changes due to the death of the cells of these layers h h t no 

The cells of the innermost or cyhndncal layer next to the conum e ^ 
abnormahty, such as partial flattenmg and desiccation, as first noted m t e 
portions of the pnckle cell layer (stratum spmosum) The cells o ^ 
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Uyer, m ctmttart to those ot the cyhndncal layer, are polyhedral in shape and are 
farther chanictemed by the presence of numerous oytoplasmio processes Onter 
cellular bridges) or spmes which penetrate adjacent cells Charaotenstio of these 
epithelial cells are "tonofibnls” consietmg of wavy fibrils passing from one cell 
body to another through the mtcrcelliilar “bridges” Aasuimng the basal cell 
to be m the shape of a cube, one surface of which resta on the basement 
membrane, Pmeua (1) has calculated that the number of "bridges” oonnectmg 
the five remaining surfaces of each basal cell with contiguous cells is 1092 This 
interlacmg of bridges or spmes accounts for a compact layer which is in sharp 
eontraat to the loosely pacted cells of the stratum corneum The thickness of 
the pnckle cell layer vanes It is thmner over the apices of the dermal papillae, 
and fn those portions of the body where the epidermis is relatively thm there is a 
sharp change from the pnckle cell layer to the flattened, desiccated cells of the 
homy layer In the areas of thicker skin (e g , palms and soles) there are two 
well-defined layers extenial to the stratum spmosum, namely, the stratum granu 
losnm and stratum luddum The cells of the granular layer are rhomboidal m 
character and appear to be modified pnckle cells As stated above, it is m this 
layer and in the upper portions of the stratum spmosum that modifications ot the 
normal cells appear The intercellular spaces become narrow and the inter 
cellular bndges become short and mdistmct Irregularly shaped granules of 
teratohyalm are first noted in this layer (1) The ongin of these granules has 
not been established, but ns they mcrease m number and sue, the cells exhibit 
progressive detenoration, the nuclei become pale and dismtegrate The kera- 
tohyahn represents the first step in the process of comification m the epidermis. 
The view (13) has been advanced that comificabon is perhaps simply a closer 
coherence of tho tonofibrils due to ehrlvelUng and desiccation of the other coll 
components. In accordance with this it is pomted out that objectii’o data for 
the assumption of any other occurrence m keratm formation is wnntmg The 
similanty of the normal keratosia to the pathological (parakeratosis) supports 
the view that the homy layer m these two oonditionB merely represents the end 
pomt of a deaccation process In the cell protoplasm 
The stratum luddum is a thm layer of closely packed angular cells containing 
a highly refractive oytoplasro Tho nucleus has disappeared from the majonty 
of the cells and histolo^cally the layer appcaia as a thm, dear wavy stnpe This 
layer contains eloidm, which is a fibrous protem and an mtermediato of tho kora 
tohyulln of the granular layer and of the keratin m tho homy layer 
The stratum granulosum and stratum lucidum comprise the so-called tronsi 
tfonal layer of the epidermis It hes between an ocidio stratum comeum and a 
slightly alkaline stratum spmosum The pH ol this layer (about 7 0) is close to 
the lao-electrio pomt of tho protem (0) Prolonged immersion m water at pH 7 
docs not produce swelhng of this layer This is in contrast to the homy layer 
which swells readily under a vanety of conditions The impenotrabibty ot tho 
skm to many substances has been attributed to tho mherent characteristics of 
tho transitional layer of tho epidermis (14) 

Tho most cirtemal epidermal layer is the stratum comeum (homy layer) con- 
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sistmg Of dead, cormfied, flattened cells (1) The margins of these closely packed 
cells exhibit small irregular spines but the mterceUular bndges are absent 
The first stage m the formation of the cells of the homy layer occurs in the upper 
portions of the stratum spmosum In this zone the cells begm the process of 
desiccation, a first step in the process of cormfication which is furthered in the 
immediate overlying layers (stratum granulosum and stratum lucidum) The 
ultimate stratum comeum cell represents the final stage of desiccation and 
cormfication (6) These cells contam only 10-30 per cent water, whereas the spin- 
osum cells from which they ongmate contam approxunately 70 per cent water 
The homy layer is hydrophihc and swells readily (15) The homy layer vanes ui 
thickness depending, to a degree, on the amount of faction or trauma expenenced 
m the given area It is much thicker m the palms and soles due to much fnction 
and pressure m these areas In the fetus, however, the thickness of the stratum 
comeum m these areas is also greater than m the other parts of the body, and it 
would appear that faction and pressure are only partially accountable for the 
mcreased thickness The thickness of the homy layer of the epidermis is of in- 
significant importance m percutaneous absorption In certam pathological skm 
conditions such as m ichthyosis, where there is a thickenmg of the homy layer, 
absorption is not retarded (6) The normal homy layer has been overemphasized 
as a bamer to absorption and histologically has been characterized as a virtual 
honeycomb of loosely packed cells (1) 

In summary, the epidermis as an mtegral part of the skm represents a 
toughened covenng membrane which is stratified and so onented that as the cells 
of the vanous strata become farther removed from their food supply (true 
skm or derma) the structure becomes less viable and more cormfied The cells 
of the most external layer become mert, flattened and hardened elements com 
parable to shmgles on a roof The epidermis is not a perfect “roof" since its 
upper layers contam many imperfections or ‘'breaks” m its architecture Al- 
though these imperfections are present, the effectiveness of the mtact skm as a 
bamer to the absorption of a large vanety of compounds has been amply demon- 


strated (16, 17) 

The most characteristic and distmctive components of the upper strata of tw 
epidermis are the keratins (18, 19, 20), the structure of which has been discu^ 
m another section of this review Accordmg to analyses of Unna (cited m m 
cus (1)), the keratins of the homy layers consist of Keratm A (alkah-insolu e) 
13 per cent, Keratm B (alkah-soluble) 10 per cent, with albumoses makmg up t 
remamder of the protem portion of the layer It is characteristic of the kera i^ 
that they undergo ready swellmg m water The imbibition of water wit i 
dissolved substances must play a significant rfile m their permeabihty of the 
Thus Leshe-Roberts (11) has attempted to explam the imtial stages 
anism of sahcyhc acid transfer through the skm by assummg that the aci m 
absorbed by the keratins to form a supier-saturated solution m the homy 

Electrophysical and electrochemical properties of the epidermis 
tion and electro-eudosmosis have been studied by Rem (21, 22) 
polarization may be readily demonstrated by passage of an electric c 
through the mtact skm, and is obtained only if the epidermis remains un r 
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It may even be demonstrated on n section of isolated intact epidermis Diehl 
(23) has used the polnniation capacity of the human skin as a measure of its 
pcrmeabihty The skin, hom ever, is not a simple membrane Its vanoua layers 
differ m histological structure and chemical composition Abramson (24) has 
also pointed out that the skm vvith its many pores should not be regarded as a 
simple membrane He concludes that the classical equations for ion and vrator 
transport across membranes probably never apply to the human skm Smee 
the stratum corneum is acidic m character and the two lower layers of the rate 
malpi^m arc alkalme, the site where neutrahty is reached and which accounts for 
the electrical behavior of the skm are the transitionnl layers (stratum granulosum 
and stratum lucidum) These layers may bo regarded as the seat of the polania- 
tlon current, or the layers which actually account for impcrmeabihty of the skm 
to electrolytes Rein believes the stratum lucidum, particularly, accounts for 
the electrical behavior of the epidermis Similar conclusions were made by 
Zeiger (26), who detenmned the iso-electno range for each layer of the epidermis 
Ho found that each layer became more acid the farther it was removed from its 
blood supply Neutrahty is reached at or near the lev el of the stratum lucidum 
The transitianal layer earned the least charge and has a pH approaching sev en 
and IS affected least by foreign agents Pmeus (1) regards the stratum lucidum 
as the laver of the epidermis exhibitmg the greatest morphological change with 
reference to cither its preceding or succeedmg layers By virtue of its stabihty 
it is assumed to be the most unpenetrable of the vanous layers of the epidermis 

Th derma The epidermis rests upon a thm basement membrane which is 
penetrated bj the spines (Umofibnls) of the cells of the stratum germinativum 
With the advent of better staining tcchmqiies, it has been possible to establish 
(1) that the fibnls or rootlets of the cylmdncal layer cells do not penetrate mto 
the conum proper, but are firmly embedded m the basement membrane The 
very lop laj er of papillae of the conum is a Intticew ork of fibnlloe comprising the 
basement membrane ITie derma or conum is the matrix upon which the opi 
dermis and the basement membrane rest It consists of a papillary and a 
reticular layer which can not be sharply differentiated The papillary layer con 
tamB many conc-hke elev ations or papillae The structure of this lay or consists 
of a fine meehed netw ork of w hitc fibrous and elastic connectiv e tissue In this 
network of connective tissue are located capillancs and filaments of nerve fibers, 
— the tactile end organs 

The reticular layer comprising the deeper portions of the conum contains 
bundles of collagenous connective tissue which are coarser and more loosely 
meshed than those of the papillary layer At the level of the reticular layer are 
found the larger blood v csscls, smaller nerve trunks, sebaceous glands, the more 
superficial sudoriferous glands and smaller hair folhclcs 

The conum is a hi^ly vascular tissue The papillary layer contains the 
largest number of the skin capillanes Matcnnls w hioh have penetrated the epi 
dermis and hnv e reached the conum hnv c passed all barriers to absorption except 
the thin capillary wall Rothman (0) concludes that materials which have 
reached the conum may bo considered as cqiiiv alont to having been absorbed 

Svhathx {tela mhcalanea) The subcutaneous tissue consists of bands of 
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areolar connective tissue connecting the deeper layei of the derma -with fascia or 
penosteum This network of connective tissue fibers is filled with lobules of 
adipose tissue The subcutis contains the laigest blood vessels and nerve trunks 
and the deepest sudoriferous glands, and the coarser hair folhcles 

The subcutaneous layer, not unhke the conum, is nchly supphed with blood 
vessels, except that the papillary layer of the latter contains manymore capiUanes 
Substances which have penetrated to the level of the subcutis are also m favor- 
able position for absorption 

Cutaneous appendages The cutaneous appendages are the sudoriferous and 
sebaceous glands, the hair and the nails The sudoriferous glands and their secre- 
tions are discussed in another section of this review While the histology of the 
hair and hair root, papiUa and shaft may be important to skm permeabihty, it is 
not generally so considered On the other hand, the r61e of the hair folhcle is 
very important, and may not be omitted from a discussion of permeability 


The hair folhcle is an mvagination of the skin The walls of the folhcle are com- 
posed of epidermis and derma One or more sebaceous glands are connected with 
each hair folhcle The epidermis extends inside the hair folhcle as far as the 
openmg of the sebaceous gland and consists of the usual spmosum, granulosum 
and comeum layers Below the openmg of the sebaceous gland the hair folhcle 
IS hned with the granular and malpighian layers and finally is hned only by file 
latter Toward the base of the folhcle at the level of the blendmg of the internal 


and external root sheaths, the epithehum is a mass of undifFerentiated epithehal 
cells The hair shaft does not completely fill the hair folhcle, but room is left 
for the upward movement of the sebum which is discharged directly m the follicle 
Sebaceous glands The sebaceous glands are branched saccular glands whose 
ducts open either (a) directly into the hair folhcles or (b) onto the free surface of 
the epidermis The number of glands whose ducts empty mto the hair folhcles 
are the most numerous It was long held that the fatty secretions or sebum of 
the gland was a dismtegration of the protoplasm of the glandular epithehum 
Sebum was thought to be the product of fatty degeneration (V urchow’s Fettmete- 
morphose) and as such represented a non-vital process (1) Melczer and 
Deme (26), usmg a stammg techmque to study the activity of the gland, conclu e 
that sebum is the product of true glandular activity By their techmque t ey 
were able to distmguish three different layers, an outer layer which contams 
mamly unsaturated fatty acids, a middle layer contammg higher alcohols, pre 
sumed to be formed by the reduction of fatty acids, and an inner layer of neu m 
fats m the alveolus of the sebaceous gland The individual chemical compoun 


were not given , 

The blood supply of the skin The epidermis is not supphed with bio VM 
sels This IS a factor of importance m the absorption of materials 
topically to mtact skm It is not the puipose of this revnew to descnbe ^ ° ^ 
the blood supply of the skm The reader is referred to Landis (27) an 


(28) for the more detailed accounts t n the 

The blood vessels of the deeper skm (conum and subcutis) are presen 

form of trunks, branches, capiUanes, plexuses and anastomoses ^^^'^tions 
parable areas the size and number of vessels may exhibit stnkmg vana 
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The arteries are much smaller m proportion to the \ emu than ordinarily The 
mam vessel trunks ascend through the subcutis and send branches m all direc- 
tions. Branches of vessels are also supphed to the fat lobules of the subcutis 
The large horlsontal plexus of vessels at the junction of the deep corium and sub- 
cutis tends branches to the sudonferous glands, hair papillae, vessel walls and 
the nerves At the level of the mid-cutis the medium sue vessels send branohes 
to the sebaceous glands, muscles, vessel walls, nerves and ducts In the upper 
cutis there is a honsontal plexus of small vessels from which extend branches to 
the papillary bodies, muscles and ducts In the skin, capiUanes are found almost 
exclusively m the upper cutis Smee tho epidermis is not furnished with a blood 
Bupply , the relatrv cly nch capillary bed in the upper conum appears to be partial 
compensation to insure the best possible flmd and metabolic exchange Equally 
important from our atandpomt, however, is the presence of a nch vascular bed 
to receive matenala passmg the epidermal barrier and which are m position for 
systemic abeoiption Tho sudonferous and sebaceous glands, tho hair papillae 
sad the lobules of adipose tissue receive their blood supply throu^ a capillary 
network denved from recurrent branohes of vanous vascular plexuses 

Each papilla is normally provided with a central loop, tho arterial branch of 
which is generally narrow, while the Up of the loop and tho venous branch are 
often much wnder The length of the loop vanes and the number of capillanea 
m the papilla is small compared with those m muscle The average number of 
capiUanes In the skin of tho hands, face, forearm and crroumoral skm is 10 to 06 
per square milhmetcr (20) This is a relaUvely small number compared to mus- 
cle where it is estimated tiiat tho number of capiUanes vanes from 1,000 to 2,700 
per square milhmeter (30) The papillarj capillaries supply the germmative 
layer of the epidermis with substances necessary for Its contmuous growth 

Tho ortenal capiUanes end in multiple anatomoscs with the venous capdlanes 
Tho latter combino to form \ cnulcs which return to a subpapillary plo-xus of smaU 
' ems situated just below the papiUa From this plc.xus of veins smaU trunks 
descend bomde tho artenes and empty mto another plexus in the deep outis 
This latter plexus also receives veins emanating from the sudoriferous glands and 
from the fat lobules Vems of the deep cutis finaUj drain mto tho subcutis plexus 
which terminate in tho large subcutaneous veins 

The skm is nchly supphed with lymphatic lessels The presence of lymph 
canals m tlic epidermis has been demonstrated by Mcleser (31) by the use of urea 
solution and subsequent precipitation and hxntion by mercury salts. Dense 
flat meshworks of lymphatic capdlaries onginato in the papillary layer of the 
corium cither ns networks or as blmd outgrmvtlis The lymphatic capillary 
networks ore deeper than the blood i-essels. Tho more superficial networks of 
bunphatio vcssols send branches to other plexuses at the boundary of the derma 
and subcutis. From these deeper networks onginato large lymphatio vessels 
which follow tho blood I'csscls Eymplintio I’csscls are not supplied to tho cu 
taneous appendages (hair and glands of the skm) This is significant when it is 
considered that many substances arc absorbed pnncipally through the skin 
appendages 

The innervoiion of the ifcin tVoolard el al (32) and a recent review of 
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cutaneous sensation by Walskie (33) treat the subject of skm innervation and sen- 
sation m detail The skin is richly supphed with large nerve trunks, both 
sympathetic and cerebrospmal Nerve branches supply directly the larger blood 
vessels, hair folhcles, the sebaceous and sudoriferous glands, and the tactile cor- 
puscles 

The reticular layer of the conum contains plexuses of nerve fibers, while more 
closely meshed plexuses of finer nerve bundles innervate the papillary layer 
Smaller fibrils are distributed to the smaller blood vessels and to the papillae 
where many end m tactile corpuscles Certam fibnls penetrate mto the epider 
mis, terminatmg as naked fibnls or on tactile cells 

Small branches form a netw'ork of fibnls m the root sheath of the hair folhcles 
Pilomotor nerves are also distnbuted to the arrectores pilorum muscles In the 
sudoriferous glands fine plexuses send axis cylmders through the basement mem 
brane, termmatmg m the secreting cells 

The conum and subcutis are nchly supphed with blood vessels and nerves 
Substances which have penetrated to this level may, by virtue of their irritant 
effect on nerve and tissue, cause sigmficant local vasomotor disturbances These 
may be either a vasoconstnction or a vasodilatation, and m either case such a 
change m the condition of the vascular bed affects both the degree and rate of 
flmd exchange at the site Calvery et al (16) have shoivn that many substances 
topically apphed ehcit an inflammatory reaction m cutaneous structures Such 
reactions cause changes m blood vessel piermeability resultmg m edema formation 
The edematous tissues are no longer capable of mamtainmg normal fluid ex- 
change, and absorption m such cases becomes retarded On the other hand, 
substances which do not affect vessel permeability but produce vasodilatation 
produce local conditions in tissues favorable to mcreased absorption 
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At the outset, it should be remarked that the term “permeabihty” probably is 
not entirely satisfactory, because it may connote to some a process of purely 
physical transfer Thus, the membrane m this case, the skm, could be considered 
actmg as a passive filter, its hvmgness bemg of importance to permeabihty only 
m the mamtenance of electnc properties, mterstitial spaces, condition of the cell 
wall, etc , but that no secretory activity of cells would be mvolved, whereby a 
substance would be taken up, concentrated and pushed mv ard For this latter 
property of active work on the part of the skm cells in transfemng substances 
mward, the hterature offers httle or ro clearcut evidence It is true that StejsKa 
(34) has taken the position that if certam cells of the skm show active secretory 
properties m transfemng substances from the mside to the outside, sweat, sebuiUi 
etc > why should not these same or similarly constituted cells be able to secre 
mward? The pomt is hardly v\ eU taken 

The term absorption, vhich certamly conveys the sense of cellular activity, 
frequently (madvertently ?) used Here it may be assumed that the investi^ 
tor has m mmd a purely phj^ical process of imbibition, whereby, for examp ^ 
water may be taken up by a piece of filter paper, dried gelatm or keratin 
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term penetration la also used but m contrast to absorption and penneabibty, 
both of which put tho emphasis on the membrane , penetration can be thought of 
as emphasizmg the substance and those of its intnnmc properties, which make it 
able to enter mto or overcome a barrier It may make bttle difference whether 
tho more or less resistant membrane or barrier is a htung or dead membrane 

The literature on the subject of akm permeabihty has amgularly failed m 
malong clear-cut distmctions between terms, perhaps this is in part traceable to 
the fact that many investigators have been more concerned mth what substances 
went throu^ the skin rather than why or how they went through the skm 

Generally speakmg, the freedom with which hqmds and gases may pass across 
tho skin both inward and outward Is a property which increases as we descend 
the phylogenetic senes In the case of the frog and other amphibious or aquatic 
farms, this property is qmto marked and has been the subject of extensive studies 
which would form the basis for a review m itself In man and the hi^er forma 
it appears that this property of two-way passage has become reatnoted, so that 
whilo retalmng its excretory functions, the skm may have lost not only most of its 
passive (permeability) but also its active (absorptivity) capacity of transfer of 
substances mward 

Hwlancal For a rcsum6 of the histoncal literature on tho subject of alun 
permeability, reference should bo made to Bothman (0) Broadly sketched, the 
subject may be divided mto three penods (a) The penod antedating 1877 and 
uovenng over a hundred years, during which much of tho ondence was accepted 
as indicating that a largo number of subetanccs, chiefly gases and \ olatile sub- 
stances, penetrated the skm freely (b) The penod extendmg from 1877 until 
about 1900, dunng which Fleischer’s (36) school of thou^t held aw ay Fleischer 
and his collaborators concluded from tbeir own exjienments, and n cntical ap- 
praisal of the older observations, that the skin of man and the higlier animals 
was absolutely impermeable to all substances (c) The penod from 1900 to tho 
present The first years saw tho decline of the absolute impermeability idea 
uhiefly under the impetus of Bchwenkenbecher’s work (30) By the use of more 
refined analytical techniques, it is now possible to determine that many sub- 
atances are more or leas able to pass through tho skm Tho consensus, howei or, 
■a cautious, and does not recognize the more extreme position of Stejekal (34), w ho 
ulaims from an uncntical appraisal of the hterature that practically all substances 
am able to pass throng the akm Generally' sjycaking, it appears as though tho 
dermatologists were still trymg to dlsproae the idea of skm impenetrability 
and there continue to be literally hundreds of instances rejiortcd of percutaneous 
passage 

Foc/ora concerned vnth skm permtabtltly Accordmg to Penitz (7) there are 
three fundamental factors (a) The substance which penetrates, permeates or is 
absorbed (b) The vehicle which affects trnnsfor of tho substance (c) fho 
tkin itself Smeo the last is tho subject of a separate section of this renew 
it win not be considered in detail here It is tho purpose of this renew to 
discuss the various groujia of substances that have been shown to jienetrate or 
not to penetrate the sto, and to evaluate where possible the function of 
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the vehicle The problem might be relatively simple were it not for the fact that 
mteractions between the skm, the vehicle and the substance may and freqvlently 
do occur Failure to recognize this is responsible m part for an extremely large 
background of confused and contradictory hterature m which the penetration of 
sahcylates and lodme stand as notable examples 

Methods The most commonly used method to detenmne whether a substance 
has passed through the skm is its chemical detection m the unne Other, but 
less extensive analy^ses, have been made of tissue and flmds of the body, and m 
the case of volatile substances, expired air Obviously, the chemical method 
must be sufficiently dehcate to detect very small quantities of a substance gaming 
access to the body via the skm Due to the slowness with which some substances 
may pass through the skm, or be released from possible subcutaneous, or other 
depots, the final dilution m a 24-hour sample of urme may be so great as to escape 
chemical detection This fact has not been sufficiently emphasized by some m- 
vestigators when reporting negative results Eecently (37) a successful attempt 
was made to measure skm permeabihty to mercunal omtments by utibzmg the 
capacity of the kidney to store the mercury which had entered the blood per- 
cutaneously Under the conditions of the test, the kidney contamed on a per 
gram basis from 60 to 100 tunes as much mercury as the rest of the body — or 
even the urme One of the limitations of the chemical method hes m the mter- 
pretation of results obtamed on studies of skm permeabihty of common body 
constituents, such as glucose, sodium chlonde, carbon dioxide, etc If the “back- 
groimd’'i8 too large or too variable, it becomes impossible to mterpret the results 
It IS for this reason that the knowledge of skm permeabihty has lagged with 
respect to the common constituents but has made considerable progress wtb 
respect to substances foreign to the body 

In addition to the chemical method, local and systemic pharmacological and 
toxicological signs and symptoms have been relied upon to demonstrate the pas- 
sage of an active penetrant through the skm Even where the dehcacy of the 
biological reaction is on a par with the chemical, rejection of negative results may 
be made on some of the same grounds as stated above In many cases, of course, 
the systemic response requires a certam minimum amount of material to be 
present at one time, a situation which may not be fulfilled, due either to the slow- 
ness with which the substance passes through the skm, or the rapidity with which 
it IS destroyed withm the organism 

It should be qmte obvious that, m the conduct of skm permeabihty studiM, 
meticulous care must be taken to msure that the avenue of entrance mto t e 
organism is the skm, and the skm only Many conflictmg data have arisen 
through failure to observe such a simple requirement * 

Generally speakmg, knowledge of skin permeabihty to a variety of substances 

’ The famous controversy over the dimcal use of mercuiy inunction 
that the efficaciousness came from inhalation of mercury volatihsed from ® 

from passage of mercury through the skm Under the proper conditions tea ^ 

IS the more important Oral contamination is sometimes not too easy o arc 
particularly m animals 
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has been widely extended by appbcntion o{ the pnnaplea juat described TJn 
fortunately, by their very nature the methods have contributed little directly 
to our understanding of the mechanistn m\ olved 

In comparison with other methods, the histological and histochemical have 
probably yielded the moet information on the manner in which penetration of 
the sldn occurs At best, these methods have only been able to locate the pene- 
trating material withm the epidermal skm structures, and the probable avenues 
of approach to the basal layers which are considered the ultimate barriers With 
some exceptions (38, 39) , which will be discussed later, no clenr-eut demonstration 
of how a substance passes the basement layer of livmg cells (rate malpighh) has 
ever been rtmde The substances most frequently studied by this method have 
been fats and oils. Fat soluble dyes have been added m order to follow the 
fourse of the penetration, the assumption bemg made that the dye and its i-ehicle 
move together This is probably not entirely justified for the skm contains its 
own fats for which the dyes imght have greater affinity In other techmques, 
fats are muncted without dyes and the skm stained after seebomng By com 
patison with control sechons, the distribution of the muncted fat is followed 
Here, too, e-xtreme caubon in the mterpretation of the results must be observed 
particularly smee httle is known concerning the effect of various mechamcal and 
cheimcal maiupulabon on the distnbubon of the natural fats of the skm Bj 
contrast with the fat distnbution studies, it would appear that the histochemical 
tracing of substances foreign to the skm, such as suHur (40) or heavy metals such 
as lead (41) and mercury (42, 43) , within the epidermal structurcB rm^t bo mom 
bustworthy 

Where the chemical method for detenmmng substances withm the organism 
after passage through the skm has been limited, the method of “analysis by dif 
feiince” has proved useful Essentially it consists m applymg a carefully meas- 
ured amount or concentrabon of the substance to the skm, and after a suitable 
tune, determnung how much still remains As used by Hediger (44) and per 
fected by Bur^ (45) , much valuable informaUon has been ohtamed In pracbee, 
s bell-ehapcd glass vessel is cemented to the elan, and filled with the substance to 
he studied If the substance is a gas, pressure or v olurao changes may be re 
birded, if the substance is m solution, samples may be removed at mtcnals and 
changes m concentration determined Wild has applied the prmciple to study 
Ing the penetration of grease bases (48) and mercury ointments (47) Ho rubbed 
weighed amounts of the preparations mto the skm of the forearm , and at intervals 
removed the excess material to weigh and analyse The results on repeated tnals 
Were remarkably consistent 

The chief use of the "analysis by difforcnco" method has been in the etud5 
of constituents common to the body, such as NaCl, KCl, CaCla, COj, Oi, etc 
If the "remamder analyses" are very small, however, the results maj well bo 
tegsrded with suspicion smcc the weakness of the method consists m assuming 
that when a substance disappears from the skin surface, it has passed through 
the skin and entered the organism It is not impossible that considerable 
amounts of material alleged to have "penetrated” may bo lodged m the skm ap- 
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pendages Here it may be judged just as much "outside” the body as any un- 
absorbed matenaJs withm the mtestme On the other hand, if the "remainder 
analyses” are large, as, for example, m the case of COi and 0*, there cannot be 
much doubt that the akin has been completely permeated 

Lvpoid solvbiltty Probably the most important factor governing permeability 
of the skin is hpoid solubihty The subject has been discussed at length by a 
number of authors (8, 48, 49, 36) The presence of hpoid material, either sur- 
roundmg the mdmdual cell, or lodged as amorphous material between cells, or 
withm the opemngs of the appendages of the skm dete rmin es to a certam extent 
what shall pass (10) Smce the miheu consists of water also, complete insolu 
bihty of a substance either m water or m hpoid w ould be a property which could 
hmder or prevent penetration (6, 50, 51) Thus the distribution coeflBcient 
Lipoid Solubihty/Water Solubihty of a substanee is probably an extremely 
important factor In the case of an electrolyte we have water solubihty and 
lipoid insolubihty In the case of a fat we may have the reverse In either case 
the evidence for passage through the skin is poor Theoretically, therefore, we 
may expect that a large class of organic solvents, such as alcohol, aldehydes or 
ketones, or those havmg groupmgs that confer both water and hpoid solubihty, 
should penetrate the skin with ease 

Generally speakmg, as the tendency for lomzation of a compound decreases, 
its hpoid solubihty mcreases but, of course, there are important exceptions, such 
as the sugars and the ammo acids These substances are hpoid insoluble (60), 
and there is not much evidence that they can pass through the skm Among the 
inorgamc substances we find that the heavy metals are defimtely hpoid soluble 
and form poorly lonizmg compounds There is also evidence that they can pass 
through the skm, a good example is mercury which will be discussed later 

An example where change m lonizmg and hpoid soluble properties modifies 
the ease of penetration through the skm is sahcylate As the free acid, this sub- 
stance IS hpoid soluble, shghtly lomzed and penetrates the skm with ease, as the 
sodium salt, it loses its hpoid solubihty, ionizes freely, but for all practical pur- 
poses no longer penetrates the skm For a renew of the older hterature, refer- 
ence should be made to Rothman (6) A similar example is bone acid and ite 


sodium salt (Kahlenberg, 52) 

Vehicle Two general types may be recognized, (a) Omtments or salves, 
consistmg of various kmds of fats, fatty acids, waxes and hpoid substances such 
as cholesterol and lecithm, (b) organic solvents, such as alcohol, chloroform, etc 
G^enerally spieakmg it may be said that the vehicles exert a marked e'fect on the 
penetration of substances through the skm, although some mvestigators feel that 
the nature of the penetratmg substance rather than the vehicle may be the jieter- 
mmmg factor Bhss (53) epitomizmg the latter viewpomt wntes "The proper- 
ties and powers of the drug itself rather than the omtment vehicle are the major 
determinmg factors m absorption from the skm ” This statement, howeve^ ifl 
based on tests with a restneted number of substances only hlacht (54), 
studymg a number of alkaloids, concluded that omtment vehicles did htt e o 
improve but may even hmder their penetration He also found that lodme was 
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Absorbed better from a tincture than from an omtment Amrbem (E5), in report- 
ing cutaneous penetration of vitamin D, noted that the omtment vehicle had little 
or no influence on penetration 

Against the foregomg statements there is a acalth of evidence a hich supports 
the contention that the vehicle defimtely influences penetration Thus for sail 
cyhc add, which has been so extensii ely studied, differences between wool fat, 
vaseline, lard, etc , were shown by earher ini'estigators (61 , 60) , and more recently 
by Matschak (48), Leslic-Roberts (11) and Moncoips (67), the last investigator 
fading as high as 40 fold differences m ponotmtion between certain types of oint- 
ment bases Effects on the penetration of sulfur (40), mercury (43, 01) and ICf 
have been noted In the case of the last, which penetrates very poorly or not at 
aH from aqueous solution. Canals and Gidon (62) were able to show measurable 
penetration when this compound was mcorporated m vasehno or fat For addi 
tional earlier hteraturo on the effect of omtments on KI penetration, Rothman 
(6) should be consulted 

There a no good evidence that the omtment base acta as a vehicle to cany the 
substances through the ekm (63) This is mdicated by the poor penetration of 
the fatty constituents themselves (See section on fats ) Recently, Caetsoh 
Imdenwald (64) remvestigated certain omtment bases for penetration through 
the skm His results were completely negative for cholesterol, vaselme and 
sapomfiable components of the omtments After application of a salve made of 
hydrated oil contalmng 33 6 mgm. per cent of deutenum, no deutenum onde 
could be demonstrated m the products of combustion of the body fata 

The manner In which the omtment t chicles help to mcrease penetration is 
largely mechanical (6) Being of greasy consistency they can easily be spread 
over the surface of the skm and are able to bnng the penetrating substance mto 
more immediate contact with the skin As a matter of fact, ointment bases 
which are not supple, but stiff and sticky or which tend to dry out and flake 
off, usually support but little penetration (61) Accordmg to Strakosch (66) 
there is no good evidence that penetration directly through the stratum comeum 
IS enhanced by the omtment, rather the omtment tends to be forced mto the 
appendages, specifically the hair folhcles and the piloecbaceoua glands, from where 
penetration or absorption can then occur Air which is trapped withm these 
appendages, and which might serve as an effective barrier to the penetration of 
aqueous solutions (61, 60), can also be displaced, particularly when the inunction 
is accompamed by a certam amount of pressure Omtments apphed to the skin 
niay also mterfere with the normal escretion of water as perspiration and msen- 
dhle water transfer It has been shown that the apphcation of a film of vaselme 
reduces the mseniible perspiration of skm by 40 per cent (67) Water which con- 
tinues to bo given off beneath this greasy covering, smee it cannot escape, is im 
bibed by the comified epithelial colls (08) which tend to swell and become '‘water 
logged" In this condition it is possible for a local concentration of a ■water 
soluble penetrating substrmco to occur in the outer comified layers (11) Physiod 
and chemical mteractaon between the ointment vehicle and the mcorporated 
substance may result m either hindrance or enhancement of penetration Aside 
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from its ability to get the penetratmg substance mto more mtimate contact wihi 
the skm, the Vehicle must also be able to part with the substance and not “hold” 
it, otherwise penetration may actually be obstructed This is a situation which 
may account for some of the apparent differences between omtments, and has 
received consideration by a number of mvestigators (48, 68, 69) and (70) There 
18 also evidence th&t chemical reactions betw'een vehicle and mcorporated sub- 
stances lead to modification of penetration, for example, ester formation of sahcyhc 
acid with cholesterol (11, 48), oxidation of lodme m KI by peroxides formed from 
the reaction of water with fats (71, 72), and reaction of mercury wnth fatty acids 
(43,60) 

Orgazuc solvent vehicles enhance percutaneous penetration considerably, but 
it IS somewhat difiBcult, m attemptmg to explam the mechanism, to separate the 
hpoid dissolving action from the vehicle action Accordmg to the older htera- 
ture (73, 74) pretreatment of the skm with chloroform, ether or alcohol, enhanced 
the penetration of water soluble alkaloid salts This would make it appear, ac- 
cordmg to Wintermtz (73), that the wettabihty of the skm surface and the walls 
of the hair shafts and sebaceous glands had been mcreased by the removal of 
water repellmg hpoid matenals, a condition favorable for the penetration of 
water soluble substances These same mvestigators also found excellent pene- 
tration when the substance was apphed to the skm as a chloroform, ether or al- 
cohol solution In the modem hterature there is also good precedent for using 
hpoid solvent vehicles, as witnessed by the successful application of sex hormones 
m alcohohc solution (see section on sex hormones) Alcohol, ether and chloro- 
form (46, 74, 76, 36) are m themselves able to penetrate the skm Consequently, 
it may be assumed that they can act as transportmg vehicles for other substances, 
but smce chloroform, ether and alcohol are also skin imtants (59, 75), there may 
be considerable doubt how “normal” skm is under such conditions 

Electric current The use of the electnc current as a “vehicle” for the trans- 
port of substances through the skm has been amply considered m the older htera- 
ture which has been reviewed by Rothman (6), Leduc (88), and PVankenhauser 
(89) It IS not proposed to discuss the clmical aspects of this subject except m- 
sofar as they may throw hght on the mechanism In general, it can be asserted 
that by the application of a direct current, it becomes possible to move a large 
number of substances which would otherwise penetrate poorly through the skm 
There is still some confusion m the use of terms to designate the process, Roth- 
man (63) prefers electrophoresis smce this is a general term which mcludes cata- 


phoresis, iontophoresis and electro-endosmosis 
The method consists m placmg gauze or cotton saturated with a solution of the 
substance on an area of the skm, covering this with the active electrode of 
or alummum and pressmg down firmly The circmt through the skm is t 
completed by attachmg to some other skm area an “inactive” or neutral electr e 
moistened wth water A current density of about 1 milhampere per (cm ) 
is allowed to flow for a few mmutes up to one-half hour If larger areas o 
are to be exposed, the active electrode is made the flmd mto which an area or 


segment of the body dips 
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A noteworthy contribution to the understanding of the process of electric 
transfer <rf substances through the skin has been made by Rein (22, 76, 77, 78 
79, 80) who extended the earlier work of Ehrman (81) in using dyes to visuahie 
the avenues of entrance In agreement with this work, Rein (79) finds that the 
transport occurs almost exclusively throuji^ the hair shafts and sebaceous glands 
Thus with methylene blue which gi\e8 positively charged dye iems m solution, a 
charactenstic pore pattern was \'X 8 Uah 2 ed m the skin beneath the anode The 
mouths of the hair shafts and sebaceous ^ands were seen to be deeply colored 
Histological examination ^e^ ealed that Uie dye had penetrated into the fundi of 
these structures and thenco out through their walla and into the surrounding rete 
malpighfi, and thence into the conum Recently Abramson and Engle (82) have 
produced pore patterns in human akin which show that electnc transport soems 
to favor the sweat glands As for the third possible avenue, namely, the epider 
mis Itself, the evidence for direct passage is poor In those cases where there was 
a diffuse coloration of the epidermis which did not seem to originate froiA any 
channel structures such as the hair shafts or sebaceous glands, Rem (70) showed 
that there was evidence of skm cell mjury characterised by vacuofiiation and loss 
of nuclear staining 

The carher literature indicated that the process of transfer W'as by iontophore 
SIS, , the movement of ionised basic and acidic elements This is very clearly 
shown m the classical experiment of Leduc (83) In which strychnine sulfate was 
applied to two rabbits electrically connected b> a salt bridge Here the animal 
whose skm was m contact ^vlth an anode momtoned with the alkaloid salt died 
within a few minutes, while the other animal m contact with the cathode similarly 
moistened rfiow'cd no toxic symptoms Similar toxic results could be oblamed 
with KC!N m tho animal connected to tho cathode lead (84) Rein (22, 76), 
however, shoived that while iontophoresis w’bs in>olved, by far the most hnpor 
taut mechanism was endosmoeis, i o tho transfer of water together with the 
ions According to Rem (80) the akin (gpecifically the stratum lucidum) is con 
rtituted as a negatively charged membrane "Water, iherefore, moves inward 
across the bamcr from an anode placed m contact wnth tho skm This is electro- 
endoemosls, and disturbance of local fluid balance is showm by the shrinkage of 
tho akm beneath tho anode Positii e ions, of course, also mo^ e in this field, and 
in the same direction (methylene bIuo-l-» ntropiDo+), thus the over all effect is 
an enhancement of penetration Horvvever, when an attempt is made to move 
negative ions, such as ooem, into the slnn from the cathode, the olcctro-osmotic 
stream is outward, and opposes tho mward ion moicmont, hence, there is prac 
tically no penetration (70) Superficial exammation shows that in certain areas 
under the cathodo there is a diffuse coloration, but closer histological inspection 
*howB that this is due to injuiy to the cells (79) Certam spots appear as Ihou^ 
a ‘Tireak through of the stratum lucidum barrier had occurred” Abramson and 
fjonn (00) claim to hai'o transferred successfully negative d>’t3 ions into tho skm 
from the cathode, but m view of the foregoing this may bo regarded as due to 
>°iury (79, 85, 80) Salt solutions, poljTndent positne ions and acid tend to 
reduce the negative charge of tho sHn (80) and practically abolish the penplration 
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of methylene blue (79) or histamme (87), conversely, such treatment tends to 
mcrease the tendency for the transfer from the cathode of negatively charged 
ions Electro-endosomotic transfer, accordmg to Rem (78), is favored by any- 
thmg ivhich reduces the specific conductance of the solution such as addition of 
alcohol or sugar, or the reduction m concentration of ions In addition to elec- 
tro-osmosis and iontophoresis as the chief mechanism for electric transfer of 
materials through the skm, Abramson and Gonn (90) have advanced evidence 
for what they beheve to be a third, namely, diffusion over small distances under 
the influence of the electric current In special cases where electro-osmosis and 
iontophoresis balance one another, this last mechanism is supposed to operate 
These mvestigators cite histamme as an example With this substance ttere is 
rettirdation of diffusion m the skm except under a potential gradient, foUowmgits 
introduction mto the skm by electee means it may remam m situ for a week, 
unless moved by electnc means 

Ftmciional modification of the skin It can be said without reservation that a 
great deal of confusion and contradictoiy statements regardmg skm permeabihty 
have ansen m the hterature through failure to recognize or properly evaluate the 
effects of functional modifications of the skm Some of these changes mvolve 
frank mjury and are, of course, fairly easily recognized It is generally agreed 


that agents causmg inflammation, vesication, keratolysis or mechanical lesions, 
gross or microscopic, should not be mcluded m any consideration of “normal 
permeabihty" Some of the chenoical agents m such a category are mustard oil, 
croton oil, phenol, polysulfides, alkahes, chloroform, turpentme, saponins and 
chrysarobm On the other hand, it may also be said that there are feir 
substances which when placed m contact with the skm do not alter its properties 
or functions Even covermg the skm (2) ■nuth vanous types of bandages, an and 
water tight covermgs, or a layer of vaselme may alter the normal function of the 
skin m preventmg water loss from the surface While such a procedure may not 
cause m]ury, m the sense desenbed above, it certainly does cause marked physical 
changes m the surface keratmous layers of the skm These layers imbibe the 
water which is held by the covermg, and tend to siveU In this condition a more 
favorable surface for penetration of some substances results (61) It becomes 
difficult to draw the Ime between altered function and mjury, or between 
physiological stimulation and mild imtation It is conceivable that milder 
forms of “mjury’, or what might be termed temporary modification of structure 
or function of the skm probably change its permeabihty (2) to a number of sub- 
stances As examples, there may be cited (a) mild keratolysis, (b) hyperemia, 
(c) removal of skm constituents such as fats or cholesterol by precipitation or 


solution, (d) mild irritation or stimulation of epidermal cells 

(a) Mild keratolysis Unna (68) mchnes to the view that the outermost kei^ 
tmous layer of cells is a partial protection against the penetration of many su 
stances He assumes that phenol, saheyhe acid, caustics, etc mcrease the per 
meabihty of this layer by their keratoiyic action Under certam con ons 
where saheyhe acid is applied to the skm. Moncorps (57) has been able to 
late the passage of this acid through the skm with the degree of keratolysis o 
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surface layere KSonka (91) also assumes that the penetration of aalicyhc acid 
is associated with its keratolytic action Milbradt (2) studied the keratolytlc 
action of salicylic aad, pyrogalhc acid, resorcinol and rf naphthol on the ponotra 
tion of dyes. Following their reaction ivith the skin a marked increase m the 
penetration of all dyes was noted, m particular trypan blue Penetration was 
observed to be most active around the hair shafts and extended outward there- 
from mto the middle layers of the conum Rothman (92) demes that mild kera 
tolysis can mcrease skin permeabihty, on the grounds that reduction in the thick 
ness of the dead comified layer can have no effect on the over all pormeabihty of 
the living cells beneath Nevertheless, it is difficult to conceit e that keratolytic 
action should be limited sharplj to the surface layers of comified cells It would 
seem that the question should remain undecided until more histological studies 
can be brou^t to bear on this pomt 

(b) Hyptretraa It has been assumed generally that simple hyperonua en 
hances the penetrafaon or absorption of substances through the skm (93, 61) 
Specifically Kramer and Snrre (94) have observed a 4 to 6 fold mcrease in the 
uptake of COj by the hyperemic skm as compared with the normal Rothman 
(63), however, takes the position that hyperemia cannot m itself increase absorp- 
tion or penetration because the “bamer”, the epidermis, hes above the capillary 
ted A substance must first have passed the “bloodless barrier” before it can 
be removed by the increased circulation of blood m the conum It must 
be remembered, however that whateier produces hyperemia may also modify 
the permeability of the rote cells 

(c) Shimilaivm or trrtUUton In addition to cauamg an expansion of the capil- 
lary bed, mechanical, chemical and phyacal stimulation may produce mcreased 
cell permeability In the skin this is reflected by a lowenng of the electnc resis- 
tance of the ekin, as for example, after the passage of a galvanic current (86, 95) 
OT exposure to ultraviolet ligjit (90) althou^ in the latter case (97) the 
phenomenon occurs only after erythema has been induced By the use of dyes, 
histological evidence of mcreased cellular activity has also been noted after ultra 
violet light (98), and specificaily nearly a doubling of permeabihty of skin cells 
to ammonia (99) Fn^ damage charnctenied by vacuoliiation following pene- 
tration of eosin from the cathode (79) has been observed By chemical stimula 
tlon, for example, it has been posable to advance saheyhe add much more rapidly 
throng the s^n by means of capdeum (91), potassium iodide, and by protreat- 
ment of the sldn with pine needle extract (71) 

bfllhradt (2), m experiments for which unfortunately no protocols are given, 
has studied the penetration of trypan blue and other dyes into skm pretreated 
with croton oil and other irritants In every case he observ ed histological ovi 
denco of tissue irritation, such as increased mitosis, expansion of the capillary 
bed, and mcrease m the space between cells (Gowebeauflockerung) In every 
case also, there was markeffiy deeper penetration of dye than m the untreated 
®bin Fecuhaiiy enough, tho coloration seemed to transcend the epidermis very 
evenly, only occasionally were the skin appendages mom deeply colored than tho 
rest of the skin structures 
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(d) Removal of sh,n consiitueniB Much could be said on this score Since the 
location of fats and hpoid bodies on the surface and within the interstitial spaces 
of the outer layers of the epidermis may constitute a natural bamer to the pas- 
sage of many substances into the skm, their removal creates a decided modifica- 
tion of the epidermis Thus, aside from their primary imtatmg quahties, ether, 
chloroform, phenol and a host of other organic solvents, by their solution and re- 
moval of hpids and cholesterol, are frequently considered for their properties of 
enhancmg penetration Even alcohol (2) m 50 per cent dilution has this effect, 
although at higher concentrations, permeability of the skm is decreased due to 
the precipitation of tissue proteins The classical experiment of ‘Wintemitz (73) 
IS frequently cited When the skm of a rabbit was treated with strychmne, sys- 
temic reaction followed very slov ly , when the skm was pretreated with chloro- 
form, or the alkaloid dissolved therem, systemic reaction followed very swiftlj 
Similarly, pretreatment of the skm with petroleum ether (101) enabled insuhn to 
penetrate and lower the blood sugar It is extremely doubtful whether any of 
the above hpoid solvents can be mcluded withm the considerations of “normal” 
skin permeabihty Mdbradt (2, 102) has found that saponm enhanced the pene- 
tration of dyes, epmephrme, lodme, salicyhc acid, cmchophen, etc In the case 
of trypan blue, sapomn-treated skm was much more deeply penetrated than un- 
treated skm The colonng showed m the nuddle layers of the conum, particu- 
larly around hair shafts Besides its imtant action, which is noticeable above 
concentrations of 5 per cent, the chief action of this glucoside is the precipitation 
of cholesterol Saponm, therefore, senously modified the normal hpoid structure 
of the skm 

Water There is still much difference of opmion as to whether water can pene- 
trate the skm from the outside to the inside In reviewmg the older hterature, 
Schwenkenbecher (36) arrived at the conclusion that the skm of man and the 
higher animals offered a nearly complete bamer to the entrance of water A 
frequently cited, but old observation of Fleischer (35) offers evidence for the com- 
plete impenetrabihty to water This mvestigator immersed the whole arm in a 
plethysmograph filled with water and carefully sealed to prevent leakage By 
means of a manometer connected to the plethysomograph, changes m the volume 
of water could be recorded After making allowances for certam expemnente 
errors, Fleischer concluded that m a period of one hour no water passed inwa 
through the skin Stejskal (34) states that the ability of water to penetrate m-* 
w'ard through the skin can no longer be doubted and rejects the olderexpenments 
of Fleischer TTia evidence for the penetration of water, however, is based 
on experiments of dubious value He cites, for example, an early attempt (1 ) 
to measure changes m the total water content of the body by weighmg before an ^ 
after immersion m a bath, a tedmique mvolvmg gross errors Even the 
carefully conducted experiments of this type by Whitehouse et al (lOt), w c 
purport to show that water passes mward through the human skm under oe 
conditions, are not above suspicion , ^ 

It thus becomes apparent that the experimental evidence for or 

passage mward of water through the skm IS poor This is disconcerting w eno 
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coDAiderB tio Importance of wafer na the universal solvent However, when the 
technical difiBculties are et aluated, it becomes evident that these have been the 
deciding factor against an unequivocal answer A decisive answer awaits the 
reinvestigation of the problem by means of isotopic tracer techmque 

On morphological grounds, it has been assumed that the skm is impermeable to 
water (49) at least on abort contact (7) because of the water shedding action of 
(he surface layer of fat and hpida extendmg mward through the layers of comified 
epitheha These hpida (cholesterol etc) are not hydrophobic, but hydrophilic, 
and upon prolonged contact enable the layers to take up water to a considerablo 
degree, a phenomenon frequently observed as whitenmg of the palms and soles of 
the feet According to Rothman (6) this w ater imbibition of the keratin is en 
hsneed by its acid nature (pH 6 6) This property of takmg up water is lost m 
the layers of epidermis below the oormlied (the "change over layers” — spmosura 
and granulosum) where Schrmdtman (12) has shown the pH may be as high as 
7 4. Here the protdn bemg nearer to its isoeleetnc point should lose its ten 
denoy to take up water Rothman (0) advances the theory, therefore that the 
tpmoEum and granulosum layers may be considered the skm bamera to water 
TOiile no eipemnentol proof for this bne of reasomng is forthcoming, it may be 
significant that the skin of the frog, which lacks these layers, is freely permeable 
to water 

BkdTolyia Althou^ there is stUI difference of opmion, as in the case for 
water, the weight of evidence seems to favor the viewpoint that the skin of man 
and the higher animals is relatively Impermeable to eleotrolytes 

Attempts to deter min e whether the common eleotrolytes such ns KCI, NnCI, 
CaCli penetrate the skin have been faced with teohmed difficulties, chicBy due 
to the fact that it is necessary to demonstrate significant variation in the levels of 
substances already present in consdereble quantities in the body tissues and 
fluids Crippa (106) claims to have found in one case foUowmg an hour’s im 
msiBion of the body m a sabne bath containing 11 86 grams Cl, 0 1081 gram Br 
and 004117 gram I per hter, a rise m the unnary excretion of chlorides of from 
0 to 18 6 gramsl Measurable increases in I and Br excretions also occurred 
This findmg has never been confirmed with respect to the ohlonde, and can per 
baps be explained by the entrance of chjondcs mto the body through other 
avenues thM the skin Tiring Hediger’s (44) method, Lehman (106) was unable 
. to find measurable penetration of NaCl or CaCh Burgi (46) was able to deter 
mine absorption of traces of chlorides and iodides, but only from highly concen- 
trated BoluUons (10 to 27 per cent) This method is probably more suitable for 
analyses of the common electrolytes, but may not be su^ently scnsitii-e 
to record veiy small changes Xlsmg a somewhat sunllar “remainder analytes", 
Antinohin (107) showed uptake of chlonde and iodide by the hands immersed in 
a normal solution of the salts The amounts were small but measurable. Using 

a new method, which depends on a change m the D C resistance of the skm as a 
measure of the amount of conducting electrolytes present m (and presumably 
passmg through ?) the skin, Pomansfcaya (108, 109) finds that the permeability 
decreases in tho followmg order for tho cations K > Na > li > Ca >■ Mg > 
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Al, and for the anions I > Cl > NO* > SO 4 > citrate > sahcylate Unfor- 
tunately, it is not indicated what amounts of the substances penetrated Stej- 
ekal (34) states that the skm is freely permeable to KI and that mcreased pene- 
tration occurs when the electrol 3 d;e is apphed m the form of an ointment Gun- 
ther (110) reports penetration of KT, NH 4 I, Nal, on the basis of a nse m the 
iodides of the urme Zwick (111), however, m some model expenments using 
s k m freshly removed from the body was able to show that with Lil, and pre- 
sumably also with iodides of other alkah metals, a sphttmg of the compound oc- 
curred, 1 e , the I penetrated and the Li remamed behmd Thus it would not be 
correct to assume penetration of the cations on the basis of findmg iodides in the 
uime In other expenments where solutions of Li, Rb, Sr and Ba salts were ap- 
phed to the hvmg skm, Zwick (111) was unable to detect any traces of these 
metals m the urme by spectroscopic means This was confirmed by Kahlenberg 
(62) who immersed the feet of his subjects m hot foot baths containing 
the chlondes of Rb, Sr, Ba, Cs and Li No traces of these metals could be de- 
tected spectroscopically m the urme Whitehouse and Ramage (112) tested the 
permeabihty of the skm to LaCl The arm was immersed for an hour m warm 
solutions of LaCl rangmg from 0 6 to 14 per cent Although they were able to 
detect 1 mgm of orally mgested la m blood and urme by their qjectroscopic 
method, not a trace could be detected after dermal exposure Because of the 
great sensitivity of spectroscopic analyses, this must be regarded for the present 
as the best evidence that the skm is for all practical puiposes impermeable to 
electrolytes As to why the skm should be impermeable to electrolytes, the 
electrophymological studies of Rem (80) have done much' to advance a very 
plausible answer Accordmg to his studies, the skin behaves like a charged 
membrane with a negative charge on the outside Theoretically this membrane 
should be cation permeable and anion impermeable, and, therefore, in general, 
impermeable to electrolytes 

Gases The hterature is m general agreement that all true gases, and many 
vaporized and volatile substances, pass through the skm m an mward direction, 
CO appears to be an important exception It is doubtful that the avenues of 
entrance can be restncted to any one pattern such as the appendages (113) It 
appears that the process is one of simple diffusion across the entire skm which 
behaves like an mert membrane This diffusion is mfluenced by a number 0 
factors (a) The tension or concentration difference of the gas on the two sidra 0 
the membrane (44, 1 14) , (b) temperature (116), (c) solubihty The last 
both water solubihty (116, 116) and hpoid solubihty Schwenkenbecher (1 7), 
m discussmg the condition favonng passage of gas mward through the skm, re- 
gards hpoid solubihty of great importance, citmg the old model expenmmts 0 
Filehne (100) Accordmg to this mvestigator the order of mcreasmg hpoid solu- 
bihty IS H < CO < O, < N < COs < HsS In the case of oxygen there is no 
doubt that penetration although small occurs I\Jogh (118, 119) 
of 0 6 to 1 6 cc per square meter skm surface per hour for the pigeon an e e 
whose systemic oxygen requirements are respectively 1600 and 30 cc per 0 
This lack of correlation between skin penetration and systemic reqiiireme 
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prompted Krogh to conmder the cutaneous uptake of Oj as one of pure physical 
diffosian For man Zuelrer (120) has determined a maximum value of 0 7 cc 
Oi/(in)*/hour 'which is only that of the respu^ition through the lungs It is 
very doubtful whether this small amount is of any phj'siologic mgmficanco. 
Goldschmidt et al (121), however, found that m imusual artuations such as oo- 
chirion of the circulation of the arm, o'^ygen may diffuse mto the skm from an 
Cttygeii filled plethyemograph and oxygenate the blood m the cutaneous vessels, 
Shaw, Messer and Weiss (122) have noted that oxygen is taken up by human skm 
from an atmosphere which contains less than 0 5 per cent and, furthermore, that 
there is never a passage of Oj outward Elevated temperature favors this dif 
fnaon These observations indicate something more than snnple diffusion for 
Oi, for the present the authors chose to rejpird this phenomenon as a reflection of 
local tissue oxidation, and of no general systemic significance 
With adequate tedmiquee (44, 45, 122), consistmg of determining the disap 
peanmee of COi from sealed contamers m contact 'with skin, the passage of COi 
inward through the skin has been well established In early work (123) proof 
of the penetration of CCh through the ftlno was attempted by measunng changes 
in alveolar COii a technique fraught with senous error, as demonstrated by Lflje- 
strand and Magnus (124) Hediger (44) showed that when a s m a ll glas s bell 
cemented to the plnn was filled with a COi-charged solution, COj passed inward 
throogji the pVjn so long as the tension was higher than alveolar (40 mm ) and out- 
wardwbenthe tension in the eolutionfell belowtlus. He calculated thatfromhot 
natural waters charged -witii 700 to 800 cc CO* per liter, the whole body could 
Wee up as hif^ as 200 cc COj/min 1 This would constitute a large proportion 
of the turnover of COi by the lungs, and is obviously fantastic, smee it would lead 
to marked respiratory stimulation, which never occurs Kramer and Sane (04) 
have measured the COi diffusion inward through the akin at room temperature 
oaing Hediger’s method The COroharged spring water contained 88 volumes 
per cent COi at a tension of 660 mm Hg Assuming a body surface of 2 (m)*, 
these investigators found that penetration of COt through the skm occurred at a 
Wowhich varied from IB to 42 cc per minute with different individuals While 
theeo values are of a different order of magnitude from those of Hediger (44), 
and Sarre, nevertheless, confirm that with nse m temperature and COi 
tfiDBon of the solution, "very large increases in COj diffusion do occur Shaw and 
Mceser (116), in very careful work with a plethjtoograph covermg the entire 
Mm, have determined that at above 8 6 per cent COs the gas moves inward, be- 
low 8 B per cent COi the gas moves outward throu^ the skm This equilibnim 
pohit ifl Bomewhat hi^er than Hediger's (44) COi penetration is cnhan(^ by 
moisture (116) and elevated temperature (116) Lehman 1^ 

mported that the presence of salts seems to reduce the penetration of Oj rom 
Mhition when applied to the skin after the method of Hediger There la an cx 
Wirive htcrature on the penetration of CO, through the akin, it la mostly con 
^®mjd With improvementfl of techiuque but does not materially change o con 
of CO, penetration of the skin It seems, therefore, unprofitable to pursue 
ibesubiect further 
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HjS and HCN have been extensively investigated because of the possibility of 
mdustnal hazard (44, 125, 126, 127, 128, 129) There is no divergence of results 
on HCN According to Walton and Witherspoon (130) it penetrates the intact 
skin and causes death to experimental animals exposed to from 5 5 mgm to 15 
mgm jier hter of air Gumea pigs were killed m 8 minutes foUowmg exposure of 
an area of belly skm only 1 mch m diameter, dogs after 47 mmutes In some 
cases the hair was not even removed from exposure areas Schutze (131) con- 
firmed the results on cats, and determined the concentration of gas belowwhich 
no symptoms occurred to be about 0 4 per cent In one experiment on himself, 
systemic effects such as weakness occurred after 27-iiunute exposure of arm skin 
to 2 2 volumes per cent 

For HjS the results have not been uneqmvocal Schutze (131) could demon- 
strate no systemic effect m cats and gumea pigs when one-fourth of the body sur- 
face, with hair removed, was exposed to 100 per cent atmospheres of HiS for 60 
mmutes Although he expenenced severe burning and irntation followed next day 
by erythema and discoloration when his own arm was exposed to a 25 per cent 
atmosphere of HiS, no systemic effects were noted Yant (132) reported that the 
whole body of man may be exposed to 2 per cent HjS for 30 mmutes without skin 
discoloration, discomfort or systeimc reaction Walton and Witherspoon (130) 
■were able to poison gumea pigs m 38 to 45 mmutes when about one-half of the 
body surface was exposed to 100 per cent HjS, but m one dog, under similar con- 
ditions, no symptoms occurred Laug and Draize (17) were able to poison rab- 
bits by exposing 9 3 per cent of their body area to pure HjS and the gas was de- 
tected m the expired air -withm 7 mmutes but systenuc toxicity was somefimes 
delayed A number of other mvestigators have reported positive findmgs with 
regard to HjS (113, 126, 128) It is necessary to reject the opmion of Rothman 
(6) that the toxic symptoms followmg skm exposure are caused by techmcal 
difficulties, such as leakage, leading to inhalation of HjS rather than by the gas 
penetratmg the skm Much more pertment, m mterpretmg positive results 
after long exposure to HjS, are the considerations of possible mjury to the sto 
There can be no doubt that imder certam conditions HjS may act as a severe skm 
irritant The question then arises, how normal is this skm which is bemg per 
meated? — 

Behnke and WiUmon (134) have determmed the diffusion rates of N an a 
mward through the nkin The techmque mvolved placmg the mdividual 
m a rubber sack with air tight neck piece, and measurmg the respiratory outpu 
of the gas m question When the bag was hRed with He at 700 mm press^i 
from 40 to 60 cc of this gas diffused through the skm (1 7 (m)* surface) per om 
at room temperature 27‘’C When the 'temperature was elevated to 35 
diffusion rate mcreased to 170 cc per hour, and could be correlated wi a ns^ 
m penpheral blood floii When the bag was filled with mtrogen , ^ 

diffusion of N was (after having first washed out body mtrogen), un er 
same conditions, only about half that for He 

It is mdicated that the human skm is permeable to radon m sma amo 
(135, 136) By testmg the radioactivity of the expired air, it was determm 
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that more passed throu^ the akin from warm ^^ater than from im air bath In 
bH cares the penneabihty -was of the order of 0 01 per cent, but was markedly 
mcttased by overiayermg the skm surface with grease 

Burgi (IB) has reported that the skm is permeable to ammonia, but gives no 
details to show to what extent tho skm may bo mjured (17) by this highly 
imtatmg gas 

Fata. On theoretical grounds tt may be assumed that tho true fats and tho 
non^apomfiable substances such as vaselme and mmeral oil cannot pass througji 
tho skm. This is because the fata are fat soluble and water insoluble, a condition 
incompatible with the Overton theory which requires both hpoid and water 
Boluhihty in order for a substance to move withm and between the cells (Sflss- 
mann) (60) Tho explanation adi anced by Rothman (6) that fata cannot pass 
througfi the skm because they exist m a colloidal disperse phase, and hence arc 
unable to penetrate the cell ivalls, is probably not relevant Theoretically the 
lipoid substances such as cholesterol, lemthm and their derivatives, as well ns 
the fatty acids, should be able to penetrate the skin because they arc miscibb 
in both fats and water There exists also the poasibihty that a true fat, in 
contact with the sldn, may be subject to tho action of skm hpascs (137) and m 
this way attain hydrophilio properties 

In general, it can be said that the literature is far from any consonance with 
the abo\e theoretical consderations This is typified in the antipodal view 
pomts held by two schools of thought m Germany Latiel and Stejskai (138) 
claun that 1% to 200 grams olive oil can bo muncted daily and cite this as a 
means for cutaneous feeding of patients ■Wintormts and Nauman (130) reject 
tha entirely and find on the basis of iodised oil muncUons that not more than 
•nVs of this amount can possibly penetrate The issue has been further confused 
by tho use of inadequate methods Inunction, for example, of an oily or fatty 
substance into tho skin until the surface seems to have lost all trace of it has 
iiccn ono of the commonest reasons tor believing that penetration has occurred 
bfnlesa it can be shown that tho muncted material or some derivative has actu 
ally entered tho blood stream or subcutaneous tissues, it must bo aasumod that 
althou^ within the apjiendages tho material is still for all practical fmrposes 
“oiitalda” tho body Wild and Roberts (47) ha\e apphed tho ''difference' 
method to a study of vehicles for the munction of mercury Weighed amounts 
of hydrous lanolin, lard and petrolatum wore nibbed into the skm of the forearm 
and the excess carefuliy Bcrajied off and agam weighed It was thus found that 
20 per cent of the lanolm, 16 por cent of the lard and only 10 per cent of tho 
petrolatum was “absorbed”, tho order at least confirming less quantitntbo ob- 
servations on tho relatively poor absorption of tho mineral base Tho difference 
between active inunction of n skin area and tho passive appheation of a quantity 
of fat beneath a watch glass secured to tho sHn is demonstrated in tho results 
'oported by Bernhardt and Strauch (140) These im cstigators found no meas- 
nnible loss of fat thrdugh contact with tho akin, but their results may be m 
error because no account was taken of a possible compensatory wei^t gain of 
this fat dejiot by water uptake from the skin 
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Determination of fat or denvatives m the body tissues or excreta by chemical 
methods followmg skm exposure would seem to be the only means for obtaining 
an uneqmvocal answer to the problem The difficulties of this approach are 
twofold (a) The presence of an already large and variable hpid “mirror” 
in the blood, which would make small changes referable to a ^‘fat stream” from 
the s k m difficult to mterpret (b) The extreme slowness with which fat depots 
subcutaneously mtroduced are absorbed (139, 140) Moser and Wemh (141) 
have reported an mcrease m the fat excretion m the urme followmg munction 
of 20 to 30 grains’ lard to the arms and chest In one case there "was a 100 per 
cent mcrease m the absolute amount, m the other case no absolute mcrease, but 
a rise m concentration m the urme A nephelometnc method was used, but 
insufficient data are given to establish the range of normal vanation Both the 
positive results of Stejskal (142) and the negative results of Bernhardt and 
Strauch (140) and Wintermtz and Naumann (139) depend on whether or not 
lodme is found m the urme foUowmg cutaneous apphcation of lodopm, an 
iodized oil Regardless of the mterpretation of the findmgs, it would appear 
that the results prove nothmg because no allowance is made for possible fixation 
of small amoimts of lodme that may have penetrated, and. becauae the un- 
warranted assumption is made that'the lodopm compound penetrates undecom- 
posed through the skm In the older hterature Lassar’s (143) findmg of fat 
droplets m the mtemal organs and blood after treatmg the skm of rabbits with 
turmp oil, ohve oil, and cod hver oil, could not be confirmed by Wintemitz (73) 
Sobieransla (144), without even recourse to control studies, has claimed that 
vasehne penetrates the skm on the basis of the findmg of small amounts of 
unsapomfiable matenals m the tissues! 

Attempts have been made to study the penneabihty of the skm to fats by 
the use of histological and histochemical means While these methods have 
shown the probable avenues of entrance, no completely satisfactory evidence of 
absorbed fat below the rete malpighu and m the cutis has yet been presented 
Sutton (145, 146), one of the first to apply histological techniques, added the 
dyes fuchsm and scarlet (scharlach) to a number of fats and oils m order to 
trace their path mto the skin after munction The assumption was necessa y 
made that the penetration of the dye would go pan passu with its vehicle 
no instance was dyed fat ever observed to pass directly mto or through the 
and Sutton mterpreted his experiments to mean that the skm was impermea e 
to fat Penetration, however, occurred mto the appendages Under 
favorable conditions the entire lumma of the sebaceous glands were colored 
never the base of the hair shaft On the basis of his observations, Sutton 
a rough evaluation of the “penetration” abihties of a number of 
and oils (a) Mmeral oils and petrolatum — poor, shght colormg of sIm w 
(b) Vegetable oils — ^fair to good, colormg partly withm the mouth o 
and sebaceous duct (c) Animal fats such as goose grease excellen^ co o^^^ 
of entire lumen of sebaceous gland and upper half of hair shaft 
Frey (147) used India ink as tracer for white petrolatum and a ^ 

emulsion (Nivea Creme) consistmg of petrolatum or lanohn em could 

higher alcohol of the meta cholesterol senes These mvestigators 
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find no evidence of the tracer within the cutis, but on the basis of penetration into 
the appendages confirmed the poor penetration of petrolatum but found excellent 
penetration of the “Nivea Creme” which tliey assumed was due to the water 
and cmulsifymg properties of the cholesterol The marker for these expen 
menta was an unfortunate choice, it was not soluble, but merely suspended 
Thus the possibihties of separation from the vehicle can certainly bo assumed 
to be greater 'With some vanationB, the histological techmquo has more 
recently engaged the attention of a number of mvestigators (38, 39, 65, 148) 
Of these, Strakoech (65) and Harry (148) confirm that the only visible penetra- 
tion of fats IS via the appendages. With perhaps better technique the loose 
upper layer of stratum comenm has frequently been seen to be colored, especially 
after lard, but never any layers below this It is mterestmg to note that Harry 
feund that oleio acid was absorbed mto the appendages better than the fats, 
perhaps this can bo nttnbuted to the hydrophihc group at one end of the molecule 
EDer and Wolff (39) apphed olive oil, cocoa butter, cod hvor oil, hydrous 
lanolin, hquid petrolatum and petrolatum to the skin of rabbits In confirma 
tion of the other mvestigators they found that the ascendmg order of penetra 
tion, as judged by the amounts found on the surface and wnthm the sebaceous 
glands and hair shaft, was mineral, vegetable and Bnimnl fat The soft, oily 
material penetrated better than the solid Except m the case of the nuneral 
•fflses, photormcrographs of the skm section showed a ma.ximum amount of 
penetrating matennl m the shaft after four hours ivith a tendency for this to 
daappear after six hours The authors apparently did not wish to comimt 
thcmsclvca concermng several ecotions which showed endenoes of discrete fat 
masses withm the cutis This would mdicate complete penetration of the 
epidermis Unfortunately the authors did not use colored fats, but stamed 
the eldn sections to brmg out the presence of the munoted fats 
Duemlmg (38) studied the effect of wettmg agents on the penetration of 
fatty substances Unfortunately this mvestigntor also stained the section rather 
than the fatty substance pnor to apphcation The onticism here is perhaps 
not as serious because relative rates of penetmtion were studied with and without 
the wetting agents The posmbUity, however, that the wotting agents might 
modify the distnbution of the natural fats withm the skm was not controlled 
hut must he reckoned with Accordmg to Ehiemlmg there was httle difference 
fa the penetration of fats alone as measured m biopsy sections token at 16 and 
fiO minute mtervals Ko muncted material was found very deep ivithm the 
hair shaft In contrast, in the presence of wetting agents, fats were seen 
almost at the base of the hair shaft withm 16 minutes After 30 minutes, fat 
had penetrated beyond the base of the hair shaft, and in fact to the base of the 
^ BccUon (4 mm ) This is the only studj which purports to show tho pene- 
habon of fat actually mto tho cutis itself from the bate of tho hair fofiicles 
Ifas unportnnce of this observation, if substantiated, can hardly be o\er-em 
P'mamcd Because of the fact that tho normal skin docs contain dispersed fat 
globules m those areas from which the sections were taken co^rvative judg 
ment should await tho preparation of sections mnde with colored fats. 
Catiohj/iraUa The information on tins class of substances is meager In 
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evaluating such data as are available, it would appear at present that the weight 
of evidence for or against the passage of carbohydrates through the skm is 
equivocal As a class, the carbohydrates are water soluble or hydrophihc 
(starches) but hpoid insoluble (50) — ^properties incompatible with passage 
through an oil-water medium On the other hand, bemg non-electrolytes, one 
could at least expect that the skin would offer no electncal bamer to the carbohy- 
drates as it does to electrolytes Accordmg to Chomkovic (149), passage of 
carbohydrates through frog skm occurs with the same facihty as water, m 
ma mm als, however, Rothman (6) assumes that the same bamer to carbohydrates 
exists as it does to water The situation m the hterature is about sunilar to 
that of the fats The same polemics have raged between the Stejskal (142) and 
Wmtermtz (160) schools, the former citmg additional (151) evidence to prove 
that lactose excretion rises to 76 per cent of that muncted, the latter (139) bemg 
unable to find sucrose m the urme after munction of large amounts, and citing 
the failure of Bauke (162) m obtammg any trace of mucic acid m the urme after 
160 grams of lactose were muncted m 4 consecutive daily munctions 
Proteins and amino acids There is evidence that mmute quantities of protem 
may, under certam conditions, penetrate the skm and circulate m the blood 
To show this, Walzer et al (163, 164) have muncted a cottonseed protem mto 
the skm After a smtable mterval, a second topical apphcation is made at a 
place removed from the first Withm a few mmutes a reaction at the first 
munction site occurs This the authors consider proof that antigen must have 
circulated systemically Golowanoff (165) has reported that gumea pigs can 
be sensitized to horse serum by keepmg a compress moistened with the protem 
m contact with the shaved skm After 14 days an mjection of horse serum 
produces fatal anaphylactic shock Kimura (167) has reported that egg white 
m petrolatum, w'hen muncted mto the skm of rabbits, can be detected by the 
production of antibodies m the blood withm 7 to 10 days Owmg to the dehcacy 
of antigemc reactions, it is not surpnsmg that the penetration of extremely 
mmute quantities of protem through the skm can be detected By the same 
token, however, caution must be observed that no lesions m the skm occur 
would appear likely, therefore, that the process of shavmg or chemical depilation, 
as frequently practiced m animals, would not be suitable 

While there is evidence that mmute amounts of protem penetrate the s > 
the claims of Stejskal (156) that gross amounts may be muncted for nutntiona 
purposes can hardly be taken senously This mvestigator reported that pro 
m fairly large amounts could be mimcted mto the skm by the use of a propne 
salve, “Dmutron”, which contamed 6 per cent egg white, 50 per cent fat an 
per cent carbohydrate Repeated treatment of the skm made it more 
to the protem, so that gram quantities (I) could be muncted The cn non ^ 
penetration of protem was a rise m N excretion m a patient previous y 
balance At best this analsd-ical apphcation is crude and no sensitiza ion 

were made to check , nsoluble 

With regard to the ammo acids, which may be considered 
(60), there is an isolated report of the penetration of cystme (168) 
skm and its detection as a nse m sulfur m the urme 
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Becanse of the great mtorest m finding another route besides injection for 
tuppijnng irmnlin to diabetics, numerous cutaneous studies have been made 
The evidence m general seems to mdicato that insuhn can pass throu^ the skm 
and lower the blood sugar both m man and the rabbit The amounts required 
to produce effects comparable to subcutaneous rejection are from 10 to 40 times 
as great (169, 160) In practically all oases it is necessary to pretreat the sMn 
by a variety of means such as “stimulation” with heat, alcohol, ether or ohloro- 
fom (161) or alkaline petroleum ether (162) Hermann and Kassowita (101) 
m an extensive investigation concluded that cholesterol and lata on the skm 
surface were a chief bamer to the passage of insulin and established the rationale 
tor the use of volatile solvents such as those mentioned lor their solution and 
removal In addition they determmed that aDcalmureg the skin beforehand 
greatly fadhtated insulin passage It is somewhat questionable whether the 
methods used for rendermg the ekm permeable to insulin have not re some cases 
rendered the skm abnormal It may be significant that Bniger and Flexner 
(163) in explaining their negative results conclude “that the absorption of 
insulin by the skin of rabbits is deiiendent upon the integrity of the integument 

the mtact skm shows httle or no absorption” This statement may also be 
applied to mchide chenucal damage which is frequently not as evident Never- 
theless, there is evidence that inmilin also passes through the untreated skin 
Irem bland ointment bases such as “eucenn” (164) or lanolin (169) or even alone 
without any vehicle (161) 

ifereury end heavy meUde The greatest amount of attention has been focused 
on mercury because of its climcal apphcation by cutaneous inunction in the 
treatment of venereal diwenspB The literature on the subject is enormous, and 
it would not be profitable to consider it re detail From the welter of earher 
conflicting evidence, it r.nu now be defimtely stated that mercury passes through 
the skin m small quantities, and can be found in tissues, body fluids and excreta 
by routine chemical analysia (43, 60, 166, 160, 167) While the chemical methods 
have successfully shown that mercury penetrates the skin, they have not been 
suitable for showing how mercury enters The earher histological work of 
Neuman (168) and Fuerbrreger (169) indicated that the avenues for the entrance 
of mercury were exclusively through the appendages, chiefly the sebaceous 
Rhmds and hair folhelea Neisser and Siebert (170) confirmed this and were 
even able to show that metallic mercury seemed to penetrate much deeper into 
the hair folUcle spaces than calomel, presumably because of its smaUer state 
of eubdiviBon Zwick (42), using metallic mercury ointment, showed that no 
Psrticlcs of mercury could be discovered by microscopic examination direct, or 
by chemical reaction, cither in the deeper layers of the stratum comeum or in 
fire strata below The principal deposits of mercury wore in the sebaceous 
^da and hair folhcle shafts. On removing secUons of reuncted skm at inter 
Vais, ho was also able to show that the bright, rounded giobifles sc^ at first 
fouded to become angular and duU, as though chemical reaction had ^cn pUro 
llMiy (148) reuncted mercuric oxide re a lard i chicle and sho^ by s^de 
treatment that mercury had lodged In the elun^ Fre^y, Mon 

treps (43), while confirming all of the o*’-- work cited, reoorted that there was 
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evidence also of fine mercury particles m the mterstitial lymph channels of the 
cutis If this latter observation could be confirmed, it would indicate that the 
penetration of mercury may not be limited exclusively to the pilosebaceoiis 
channels F or the present, however, it would appear that the weight of evidence 
favors the latter mode of entrance almost exclusively 
Early work of Brezma and Euglmg (171) mdicated that lead oleate, but not 
metalhc lead, was able to permeate the skm from a lard-lanolm omtment base 
These mvestigators used the basophihc granule response as mdicative that 
lead had entered The best evidence for the passage of lead through the skm 
of man, cat and gumea pig is based almost entirely on the painstalong chamical 
analyses of SQssmann (50) His frequently quoted figure for lead penetration 
of 0 1 to 0^ mgm per square meter of skm per day, however, is undoubtedly 
too high because it is based on inadequate control analyses Compared to 
mercury, lead penetrates much less (178) and it may be assumed that this is 
due to the greater tendency of this metal to enter into insoluble combinaboris 
with the tissue proteins (60) Sflssmann’s histological mvestigations indicate 
that the probable avenue of entrance of lead is, as with mercury, through the 
appendages Accordmg to Tsunoda (41) the penetration of lead is directly into 
the cutis Smce there is no theoretical reason for believmg that lead would 
behave differently than mercury, this result must be questioned imtil confirmed 
by other workers 

Recently, Schmid (172) has remvestigated the permeabihty of human skm 
to diachylon (lead oleate) He finds, after the apphcation of 10 grams to 1000 
square centimeters of skm of the back, that the lead excretion averages 0*116 
mgm in 24 hours and 0 270 mgm m 48 hours, mdicatmg that on prolonged 
contact, there is progressive permeation of lead through the skin Penetration 
of lead IS mcreased by salicyhc acid, presumably through keratolytic action 
Accordmg to Schmid and Winkler (173), copper penetrates the human skm 
from copper oleate apphed m a lanolm-petrolatum base FoUowmg apphcation 
of 10 grams to 1000 (cm )* of skm of the back, there is a progressive mcrease 
for several day^ m unnary copper excretion A marked mcrease results if the 
copper preparation is apphed to damaged skm 
Arsemc penetrates the skm Leva (174) has shown that after the expose 
of the feet to a hot bath contammg 19 mgm A’s per hter, the element can 
detected m the urme Macht (176) cites the case of a fatahty 
the spillmg of an arsenic-contammg flmd over the legs and feet Fuchs ( 
reports that the daily munction of arsemc omtments for 14 to 37 days cau^ n 
urme excretion of As as high as 6 to 10 mgm per day Draize et al (179) ^ 

studied orgamc compounds of tn- and pentavalent arsemc mcoipora ^ , 
variety of bases They found that the arsemc readily permeated the 
rabbits, and could be detected m the urme withm 24 hours 

Finally, Komiyamas (177), on the basis of blackemng of subcutaneous^^^ 
deposits beneath the site of inunction, considers this evidence for the pene 

of bismuth from a salve yg of 

There is theoretical reason to expect that other heavy metals are cap 

penetratmg the skm 
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Vticmm There la evideDco that vitamins A, B, C, D and K pass throng 
the fktn. In the case of Bi (180) and C (181), the evidence conung from but one 
laboratory is ae yet unconfirmed, indeed the complete lack of hpoid solubihty 
of aecorbio acid makes this poative result rather surpnamg Vitanun A, bemg 
hpcid soluble, might be expected to pass through the skm, and the evidence 
for this althongh not eitensivo is uniformly positive Helmer and Jansen (182) 
■were able to prevent severe ntamin A deficiency symptoms by skm application 
in rats, and this was confirmed by Eddy and Howell (183), who observed m 
addition that carotene was absorbed better than vitamin A Recently Mandel 
haum and Schlessmger (184), usmg the dark adaptation test, concluded that 
vitamm A, when apphed as an ointment, can be absorbed throu^ human skin 
m physiologically significant quantities Smee the experiments of Hume, 
Lucas and Smith m 1027 (185) a considerable number of mveetigators have 
confirmed their findmgs that lipoid soluble vitamm D passes through the skm 
in sufficient quantities to exert curatiio effects (186, 187, 188, 189, 56) In 
fact there have been two reports where even symptoms of vitamin D poisoning 
have followed extensive apphcation of a D-contaimng omtment to the skin of 
normal rabbits (100, 101) Recently (102) successful percutaneous therapy 
■with vitamin K ■was reported m mfanta suffermg from prothrombmopenia For 
additional review of data on vitamm passage through the skm, reference should 
be made to Eller and Wolff (193) Generally spcakmg, the problem of vitamin 
passage is an academic one, for m practice the amounts necessary for percutane- 
ous therapy are considerably larger than for other routes of sdimmstration 
iSei hormones Smee the discovery of Zondek (194) that folhculm could pass 
through the skm of the mouse m sufficient quantity to exert physiological effects 
a number of mvestigators (196, 198, 197, 198) ba^ve confirmed and extended 
these obrervatfona Even though the sex hormones are lipoid soluble, mcorpora 
tion m oily and fatty vehicles seems to slow up their absorption With estrogen, 
Zondek (199) found that it required 7 times as much to produce an effect quanti- 
tatively the same ns when the vehicle was alcohol, ether or bensone, indeed with 
the latter vehicles there seemed to be httle difference between cutaneous and 
subcutaneous administration This was confirmed by Emmena (200) It is 
poeaiblo that the volatile soU'ent vehicles render the skm more permeable by 
removal or modification of the natural lipoid matrix withm the skin, and m this 
sense, the skm may be abnormal Accordmg to Zondek (199) progesterone m 
contrast to estrone is less easUy absorbed through the skin Moore, Lamar and 
Bedk (201), who mvestigated testosterone, found that this substance was readUy 
abeorbed by the sVm from an omtment in sufficient amounts to mamtam the 
accessory reproductive organs of castrate males in a normal reproductive state 
For more detailed review of the hteraturo, roferenco should bo made to Eller 
and Wolff (202) In genend, it con bo stated that, pronded a volatile solvent 
vehicle is used, the percutaneous and subcutaneous administration of the sex 
hormones produce effects which are quantitatively of the same order 
Sulfcnamides penolrute the intact skm cither from omtmcnts (203 204, 205) 
or -by iontophoresis of the sodium salts (208) Accordmg to Btrakosch (203) 
there IS no correlation between the penetration of sulfanilamide into the skin 



632 


H O CAIiVEHY, J H DRAIZE AND E P I^UG 


of the guinea pig and the type of ointment base, whether water-in-oiJ or oil in 
water emulsion Woodarti et al (206), on the other hand, found that the base 
was very important for absorption of sulfathiazole from the skin of rabbits, the 
order bemg as follows Fat in oil < water-m-oil < oil-in-water < propyltne 
glycol Eecently, MacKee et al (207) developed a histochemical method for 
demonstratmg the presence of sulfonamides m the skm and other tissues "With 
lanohn-water vehicle, only the surface and upper parts of stratum coraeum 
showed sulfonamides, but with penetrasol (208) vehicle, sulfonamides were 
visualized m the hair shafts and even m the cutis 
Bone acid This is an example of a hpoid-soluble, and feebly lomzmg sub- 
stance that IS supposed to pass through the skm with great speed accordmg to 
the frequently cited experiment of Eahlenberg (52, 209) When the feet were 
immersed m a warm bath containmg 4 per cent bone acid m 30 per cent alcohol, 
bone acid could be detected m the urme withm 50 seconds When NaiBiO? was 
substituted, no B could be found m the urme, the explanation for this being 
that the sodium salt ionized freely and was therefore hpoid insoluble It is 
unfortunate that such relatively high alcohol concentrations were used m the 
bath water, and it is therefore imcertam to what extent the permeabihty of the 
skm may have been abnormally modified Recent experiments of Keiffer (210) 
have failed to confirm the penetration of HjBOs through the skm, it may also 
be significant that these mvestigators used no alcohol 
Iodine An extensive hterature has grown up on this controversial subject 
Nyin and Jamutti (211) have reviewed m chronologcal sequence many of the 
references The reasons for the divergencies of opmion as to whether the skm 
IS permeable to iodme or not, may be summed up as follows (1) inadequate 
chemical methods, (2) volatihty of lodme, (3) mjury to the skm by lodme or 
alcohol solvent, (4) fixation of lodme by tissues, (5) too short a penod for urme 
collection, (6) failure to appreciate differences between the penetration of lodme 
and its salts Theoretically, smee lodme is hpoid soluble, it should be able to 
penetrate the skm but, as m the case of some of the heavy metals, it may 
retarded by its mteraction with the tissue proteins (53) On the other han j 
potassium iodide is hpoid insoluble and lomzes freely m solution- But w 
(111), as mentioned above, has shown that salts of lodme may spht up m e 
skm, the lodme findmg its way mto the body and leavmg behmd the cahon 
The possibihty of oxidation of iodides to lodme m the skm and the absorp ion 
of the elementary form (72, 36, 49) was recognized qmte early, and Lehman ( 
m reviewmg some of the modem hterature on lodme passage through ^ ® 
mentions the possibdity that Hs 02 resultmg from the mteraction 
and fat might form free lodme This would account m part for the ° ^ 
penetration of lodme from potassium iodide omtments as compared 
solutions It should be borne m mmd that reaction of potassium lo e 
also occur with the natural fats of the skm and this would serve to exp 
uptake of lodme from potassium iodide baths (110, 105) ^ 

An extensive piece of work on the penetration of elementary i 
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reported by Nym and Jannltti (211) Unfortunately these authors included 
no tabular material and a cntical appraisal of their resnlta is therefore not 
possible According to this investigation elementary iodine will penetrate 
the sVin of dogs and rabbits when applied either m 6 per cent colloidal aqueous 
suspension or 3A per cent alcohollo tinoture With precautions to prevent 
Inhalation, iodides (never free iodme) were found m the urine within i hour 
whenever at least 160 mgm were painted on a sufficiently large surface 8-48 
inches)’ The excretion of iodides was slom , 1 to 3 per cent of the amount 
applied to the sldn of a dog was found m the unne within 3 days In pouch 
experiments in which a flap of hvo rabbit skm with partially intact blood oireula 
hon was used, penetration of iodides, and colloidal and alcohohc solutions of 
elementary lodme through the entire thickness of the skin was observed No 
matter in what form apphed, only iodides were found m the Rmger solution mto 
which the skm pouch was dipped The authors stress the stnkmg fact that 
iodme also passed through the dead rabbit and dog skin pouches with the same 
fadhty “ iodine finds its passage through the skin m the same amount 
irrespective of the condition of the tissue, whether the cells have a high or low 
vitahty, or even are dead, and irrespective of the direction of penetration 
This seems to point to the fact that the activity of the cells is not indispensable 
as far as the passage of iodine throu^ the skin Is concerned In accordance 
with these results, wo prefer to speak of the penetration of iodine throng the 
surface of the akin and would reserve the absorption for the mtradermal and 
hypodermal activity of the cells ” It is unnecessary to emphasise the obvious 
importance of this observation and its acceptance must await confirmation by 
others With regard to the avenues of iodine entrance through the sldn, there 
appears to be extant only the old histolo^cal work of Traube Mengariru (212) 
According to this, iodme penetrates through the appendages including the 
sweat glands, but not through the epidermis directlj 
Salicyhc aad The literature on this subject is v ery large and it would not 
be profitable to review it in detail Heference should bo made to Strakosoh 
(213) who has considered some of the earher mvestigations on salicyhc acid, 
and to Hanslik (214) who has reviewed the hterature on the esters and compounds 
of salicylic acid The modern literature (216, 213, 67 216, 91) is in accord 
that salicyhc aad and its esters pass throu^ the skm with faaUty It is not 
entirely clear which of the two properties of this aad, its lipoid solubUity or its 
keratolytic action, is the determmmg factor m permeation There appears to 
bo fair evidence that the latter does increase Us transfer throng the skm (213, 
67, 61), but this is demed by Hothman (6) and has been discussed under the 
section on skin function Presumably both fnetots are important, but, m the 
ease of the eaters, hpoid solubihty is the more important The alkah salts of 
saheyhe add are unable to pass through the sHn (6) They are stronglj ionised 
and hpoid insoluble It has been assumed in the older hterature (30) that when 
there was sahcylate passage throu^ the skin from a salt this was due to the 
liberation of free add on the skin by the action of COi 
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MECHANISM OF THE DEVELOPMENT OF OBESITY IN 
ANIMALS WITH HYPOTHALAMIC LESIONS' 

JOHNR BROBEOK 

Lattoratory of Phytiolon Yale Untvenity School oj Medicine Nev Haven, ConnecUeui 

The obemty which follows hypothalamio injury holds the interest of clminann 
and of physiologists alike, because it is one of the few types of obesity of known 
etiology, and because it can be produced in laboratory animals for eiqiorhnental 
study The mjuiy responsible for the obesity may be the result of any one of 
several different processes In the monkey, dog, cat and rat. It has been pro- 
duced either by surgical means, or electrolytically with the aid of the Horsley- 
Clarke sterotaxio instrument, while In man it is usually the result of some neo- 
plastic or infectious disease mvolving either the diencephalon or its near neighbor, 
the hypophysis Whatever the immediate cause of the hypothalamic lesions, 
their consequences appear to be almost identical m every species studied, and 
it IS therefore generally agreed that what has been learned upon the lower animals 
may be applied directly to the human syndrome 

One of the most remarkable characteristics of this type of obesity is the ex- 
treme rapidity with which the mdividual gams weight In questioning the 
patient, the examiner often discovers that the patient had previously been of 
normal sue and weight, that the obesity began rather abruptly, and that its 
onset may have comoided with the appearance of other signs and symptoms of a 
disease process near the base of the bram Each of these features was rccog 
nued by Mohr (1840) who first described this obesity, and consequently his 
report may be used to illustrata the usual clinical course of the disease. His 
patient was a 67 year old gardener’s wife who had become obese within a space of 
one year For six years she had complained of vertigo and periodic headaches, 
and for three years she bad suffered also from "mental deterioration " In her 
last year she became more and more mcapacitatcd by spedfio neurologio deficits 
(both sensory and motor), her behavior became careless and childlike, and she 
became extraordinarily obese (her weight is not reported) She died rather 
unexpectedly, and the autopsy revealed a pitmtary tumor, largo onou^ to have 
eroded the sella turcica and to have distorted the base of the brain all the way 
from the antenor margin of the hemispheres to the pons varoli. 

In laboratory nmmnla with oiporimontally produced lesions of the hypo- 
thalamus a dramatic gam in weight has been observed within a few hours follow- 
ing the operation, an adult female rat, for example, may increase its body weight 
by as much as 16 per cent within the first 24 hours, and may then contmne to 
gain for several weeks at a rate ten times the normal rate of gain. This rapid 
gain is not indefimtoly mamtamed, and the animnl eventually reaches a plateau 

* The experitnenta de*cr)bed Iq thie p*per from the Department of Fhytiolof^cal Cbem 
I*try and the Laboratory of Ph3rriology, Yale University, were aided by grants from the 
ftlarkle Foondatlon and from the Fluid Research Fond and the George H JOifght Fond of 
theBehool of hledleino ^alcUnlTCTslty 
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where its weight may remam relatively constant for many months (Keller and 
Noble, 1936, Hethermgton and Ranson, 1940, Brobeck, Tepperman and Long, 
1943a ) Usmg the termmology of Rony (1940), Brooks (1946a, b) has deag 
nated the penod of rapid gam as the d 3 naamic phase and the plateau as the static 
phase of the obesity 

From the anatomical or pathological pomt of view, the carcass of an obese 
animal is remarkable chiefly because of the great quantity of suiplus fat con 
tamed m it Smith (1927) found this fat to amount to as much as 74 per cent 
of the total carcass weight (cf Hethermgton and Weil, 1940) The depots of 
the subcutaneous tissue, the omentum and the mesentenes of the viscera are 
filled with fat, as are the perirenal tissues, the pencardium and, m fact, eveij^ 
location where adipose tissue normally exists The hver is yellow, may be 
double the normal size, and m the fed state may contam twice the normal per- 
centage of ether-extractable hpid, which means that the total quantity of hepatic 
fat may be approximately four tunes the normal amount Plasma hpid con- 


centrations are likewise elevated, especially m the fed state, and this elevation 
and the mcreased quantity of hver fat have been interpreted as evidence that 
the rate of turnover of hpids is abnormally high (Tepperman, Brobeck and Long, 
1943) Though it should be possible to measure the rate of this turnover by the 
use of isotopic elements, such a measuremeift apparently has not been made, and 


the significance of the high hpid levels remams somewhat conjectural Likewise 
uncertam is the significance of the cirrhosis of the hver observed by Graef, 
Negrm and Page (1944) m certam obese dogs with combmed hypophysial and 
hypothalamic mjuiy If it is true that the rate of hpid turnover is elevated m 
this t 5 q)e of obesity, the animals might well use m this turnover large amounts of 
compounds such as cholme which participate m hpid metabolism m the hver 
(McHenry and Patterson, 1944) The cirrhosis observed by Graef and his 
collaborators, then, might have been the result of a relative deficiency of hpo- 
tropic substances m the diet The problem appears to be worthy of further 
mvestigation for its possible contnbubon to the understandmg of the pathways 
hpid metabolism as well as for its apphcation to the problem of obesity 
Although complete histological descnptions of the organs and tissues of o 
animals with lesions restncted to the hypothalamus have not been publish , 
there is reason to beheve that several different types of abnormahty may 
present The gastro-mtestmal tract shows a generalized dilatation and 
trophy which have been tentatively attnbuted to the imusual feedmg ha i o 
the rats m which the condition was noted (see below) The obese rat may 
exhibit conspicuous abnormahties of kidney function and structure, charac ii 
by the presence of albumm, erythrocytes and casts m the urme, and by 
zataon of the renal glomeruh, dilatation and necrosis of the tubules, and 
ized mcrease m the amount of connective tissue around the nephrons (Bm ’ 
Tepperman and Long, 1943a) Hypoplasia of the gonads and gem 
been frequently observed m human patients as well as m ejqjenmen 
(Babinski, 1900, Frahhch, 1901, Bailey and Bremer, 1921a, b, Seth^gton ^ 
Ranson, 1942b, and others ) This hjqjoplflsia was at first assum 
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evidence of antenor lobe deficiency , more recently, hmi’ei er, similnr abnontiabtioi 
of the reproductive organa and of matmg behavior have been observed manimala 
m which the antenor lobe was not directly mjiired, and there is a growing ten 
denry to attribute regulation of reproductive functions to the hypothalamus 
(Dey, 1943, Bard, 1940) Just how the hiTJOthalamua mav control aoxual 
funobons remains to be discovered, and lackmg further information, one caimot 
properly evaluate the significance of tho genital hypoplasia present in the obese 
animal or pa,tient. Brooks and his collaborators (1942) and Hethenngton and 
Hanson (1942 b) have suggested that the two conditions, viz , obesity and genital 
hypoplasia, are not necessarily related, smee certam lesions apparently produce 
one without the other But on the other hand, Bailey and Bremer (1921b) ivere 
of the opinion that the one condition maj mduce the other, i e , that obesity hi 
some way alters tho growth and function of seinial organs, and clinical literature 
already contains data to support their hypothesis, smee obese w omen with irregu 
lar menstrual cycles or with amenorrhea have been found to recover normal cycles 
when they lose weight as the result of dietary restriction (Evans, 1940) 

In order to complete this descnption of the obese animal, several other tj pcs 
of abnormahty should be mentioned although them significance la not at all clear 
Changes m the skm and fur have been described, especially in the rat, where tho 
fur apparently detenoratea m appearance because the animals arc too obese to 
groom their coat as normal rats do (Hethenngton, 1940, Graef, Negnn and Page 
1944) Several mvcstigators have also noticed that their obese amiruils readily 
succumb to vague, apparently nonspecific diseases in which the progress of the 
obesity is either temporarily or permanently mtcmipted (Hotiienngten and 
Hanson, 1940, Brooks, 1946o, Ingram, 1946) While present knowledgo of the 
biolc®r of these animals leaves much to be desired, the possibility that they raaj 
require relatively large amounts of the venous accessory food factors appears to 
be worthy of consideration Them total energy exchange, which is the basis 
upon which vitamm requirements are usually estimated, is known to be much 
greater than normal (see below), and some of these disorders which appear 
to bo nonspecific diseases may well be the result of certain types of diotary 
defioenoy 

In addition to the physical characters juat desenbed, abnormahtiea of behavior, 
especially hypenmtabiUty and hyperexcitabibty have been reported Hether 
ington and Hanson (1942 o), rofemng to rats with lesions situated at the level of 
the pitmtary stalk, wrote as follows “Often rats with large lesions m thLsregion 
of tho hypothalamus will run almost continuously m an automatic almost 
frenzied fashion for several hours after they awake from the anesthetic This 
penod may bo succeeded by another lasting several dej-s when the animals will 
seem to be stuporous, but will respond with exaggerated violence to sli^t tactile 
stimuli. After tho acute phases of the postoperative period are past the rats are 
rather kthargio, thou^ this charactenstic usually does not appear to partake of 
Bomnolenco or a lack of alertness They are, m fact, generally somewhat imlablc 
and eialable for a number of weeks With handling tho mfs after a time often 
lose this touchiness to a certain extent (It should be mentioned, m passing 
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that more recently operated rats with lesions m the caudal hypothalamus have 
displayed neither the acute hyperactivity nor the later hypenmtabihty of the 
rats just descnbed )” The observations of Kneg (1938) and of Brooks (1945ti, 
1946) are m general agreement with Hethermgton and Ranson’s description 
Wheatley (1944), workmg m Ingram’s laboratory, undertook a study of the 
affective behavior of cats with hypothalamic lesions, and obtained certam 
which, “m the presence of an observer, contmually showed all the physical 
manifestations which have been observed m normal cats when provoked to rage, 
1 e , mydriasis, hompilation, defecation, urination, vocalization of anger, spittmg, 
lashmg of the tail and a kyphotic attitude They would attack the observer m a 
vicious, aggressive manner, bitmg and clawmg when attempts were made to pet 
them or when other innocuous stimuh were apphed ” Ingram (1946) studied 
additional animals of this type and observed, “Postoperatively (they) have a 
stnkmg change m temperament rangmg from unfnendly to outnght savage.” 
Several of the savage cats became obese, and there appears to have been some 
correlation between the change m temperament and the obesity Nevertheless, 
Hethermgton and Ranson (1942c) observed no hyperexcitabihty m rats which 
became obese foUowmg the production of lesions of the postenor hypothalamus, 
and the obese rats prepared in the laboratory of Long (unpublished) were not 
difficult to handle Rather than imtabihty, the latter appeared to show apathy 
and mdifferende, as Bailey and Bremer (1921b) and as Smith (1927) had 
previously observed 

Irrevdevani nature of injury to the pituitary The recent work of Hethenngton 
clarified one of the most confusmg and controversial issues ever to arise m expen- 
mental physiology, namely, the rdle of the antenor lobe m the development of 
obesity Hethenngton (1943) has shown that hypothalamic lesions will produce 
obesity whether the antenor lobe is present or has been removed, and further, 
that no amoimt of pitmtary damage wiU mduce obesity when the hypothalamus 
16 mtact His experiments clearly mdicate that the long-held opmion that the 
obesity of '‘Frohhch’s syndrome” is a sign of antenor lobe insufficiency is incor- 
rect Because of the importance of Hethenngton’s conclusions, a bnef review o 
the history of this problem appears to be m order here 

Although Mohr published the first known descnption of a case of hypothalamic 
obesity m 1840, no one appears to have mquired mto the cause of the 
imtil early m the twentieth century, when the papers of Babmski (19w), 
FrShhch (1901) and Erdheim (1904) appeared Then withm a space _ 
years there arose what eventually became a classic controversy Fro ® ' 
recognizmg that the obesity was usually associated with tumors of the yp<^ 
phyms, considered the condition to be an endocnne disease, a sign of hypopi ^ 

tansm But three years later Erdheim expressed a dissentmg opinion, as o ovt 

"We agree with Frdhhch that pathological obesity is of frequent occurrence 
(patients with) hypophysial tumors It seems to us, however, that ^ ^ 

tified m his mterpretation that a change m function of the hypophy^ ^ 
endocnne gland is responsible for the adiposity We further Ution 

reason for it must be sought m the tumor’s influence— "be it injury or stimu 
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— on the region of the base of the brain" (p 689) Erdheun based his opinion 
upon the following facts 1 In certain cases of this obesity the tumor arises 
from structures other than the hypophysis and lca\ es the gland relatively undam 
aged 2 No particular type of tumor la associated with the development of 
obedty 3 Adiposity and acromegaly may occur together 4 Tumors which 
do produce adiposity always mvolve the base of the bram, although admittedly 
not all tumors which damage the bmm produce obesity Erdheun concluded 
hiB paper, however, with a statement admlttmg that the exact region of the brain 
which must be affected to produce the disease w as unknown to hun 

The appearance of oonelusivo experimental evidence m support of Erdheun s 
posibon was long delayed, since the idle of the anterior lobe as a regulator of 
metabolic processes was first to be revealed, while the etiology of this oxpen 
mental obesity remained a more or leas subordinate and moidental problem 
When the obesity was produced In expenmontal ammals, it was produced by 
opsrations upon the pitutiary gland, and it was therefore considered to be a sign 
of hypophysial disturbance by those who beheved that they had performed their 
operations without injurmg tho overlymg hypothalamus (Crowe, Cushmg and 
Hesnans, 1910, Bell, 1917, Dott, 1923) But the conclusions of this neurosurgical 
school were challenged by another group of mvestigatoia who found that opera 
bans upon tho pituitary resulted m obesity only m those animals m which there 
was histological evidence of mjury to the hypothalamus. Aschner (1912) was 
evidently the first to make this observation m laboratory animals, although 
general acceptance of his conclusona by other mvestigators appears to have been 
delayed by his attempt to distmguish between obesity as it develops m hypophy 
sectomiied puppies and as it occurs m adult dogs with hypothalamic lesions 
Nevertheless, later study generally confirmed his conclusions Camus and 
Bousgy (1913, 1920, 1922) found that neither partial nor complete removal of the 
anterior lobe produced either obesity or diabetes insipiduB m the dog unless tho 
base of the bndn was also injured, and their observations upon obesity were 
eonfirmed, m turn, by Smith (1927, 1930) upon rats in which an attempt had been 
made to compare the results of two different operations Tho former operation, 
hypophysectomy by a parapharyngeal approach produced cessation of growth, 
loes of weight, weakness, cachexia, and atrophy of tho thyroid, suprarenal cortex 
and gonads, tho latter operation, the injection of chromic acid mto tho region of 
the hypothalamus and pituitary gland usmg a subtemporal approach brought 
about obesity and gemtal dystrophy 

In tho meantime obesity had been produced in one or perhaps tw o dogs bj 
hypothalanuo injury alone The aniinals m question ware described bj Bailcj 
and Bremer (1921a, b) among a series of dogs m which operations had been por 
formed upon tho baro of tho brain by way of tho subtompoial approach perfected 
by Harvey Cushing The authors were primarily interested in the question of 
the ongm of ilmbetcs insipidus, but they obtained at least one unquestionably 
obeso dog m which no riirect cncroachmmit upon tho hypophysis could bcdctccted 
by rmcroscopio study of sections from that organ Until 1940 this roniamcd tho 
only case of true hypothalamic obesity known to have been reported in the 
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experimental literature It remained for Hethermgton and Ranson (1939, 1940) 
to show that obesity regularly follows the production of lesions restricted to the 
hypothalamus m the rat, and to rule out the possibihty that antenor lobe defi- 
ciency IS m any way necessary for the development of this condition Where 
others failed or met with only limited success, Hethermgton and Ranson 
succeeded beca\ise they used the Horsley-Clarke stereotaxic mstrument (modified 
by Clark (1939) for use on the rat), with which discrete electrol 3 d;ic lesions may be 
placed at predetermmed locations mthm the brainstem Their results have been 
confirmed m other laboratones m the rat (Brobeck, Tepperman and Long, 1943a, 
Brooks, 1946a, b, 1946), the cat (Wheatley, 1944, Ingram, 1945) and the monkey 
(Brooks, et al , 1942, Ruch, Patton and Brobeck, 1942) Hethermgton and 
Ranson (1942a) were able to show that the development of the obesity is mde- 
pendent of pitmtary damage, smce 'the condition can be produced not only b 
rats with unmjured h 3 T)ophyses, but also m Tats from which the hypophysis has 
been removed either 10-11 weeks before, or one week after the production of the 
hypothalarmc lesions Their h 3 TJophysectoimzed rats ivith h 5 p)othalamic lesions 
exhibited characteristic dwarfism m addition to obesity The btter condition, 
therefore, is not directly related to the level of pitmtary function, or, m the words 
of Hfethermgton (1943) “Smce neither total nor partial hypoph 3 r 8 ectomy pro- 
duces adiposity, or prevents its appearance after hypothalamic damage is done, 
it IS not likely the h 3 fpophysis is mvolved m the production of obesity often 
associated wath mjury to structures m the pitmtary region Hypothalamic 
disorder appears to be the sole responsible factor ” 

In view of the fact that the papers of Frohhch (1901) and Erdheim (1904) 
began a controversy which endured for almost 40 years, a recent statement by 
Frbhhch (1940), made at the 1939 meetmg of the Association for Research in 
Nervous and Mental Disease, is of considerable mterest “The discussions that I 
have attended the past two days have established the fact that Ave were wrong in 
1901, that it A\ as not the pitmtary body, but the hypothalamus, but then I must 
remmd you that all we kneiv at that time was that the hjTiothalamus was an 
anatomical region l 3 ang beneath the thalamus Eveiythmg was m darkness 
like the gray substance, the tuber cmereum Hence, I attributed this syndrome 
to a tumor of the hypophysis without acromegaly Smce the first description, 
many cases have been recognized” Frohhch might have added that many 
cases have been not only recogmzed, but also described m medical hterature, 
although with perhaps one or two exceptions^ the more recent reports have add 
httle to the picture presented forty years ago by Frohhch and Erdheim 

Locdhzation of effective hypothalamic lesions In only a veiy few of the pu 
hshed reports dealmg with experimental obesity have the lesions been w 
enough described to permit identification of the cell groups concerned m e 
pathogenesis of this condition The obese dog (dog 10) observed by Bailey m 
Bremer (1921b) suffered two lesions of the postenor hypothalamus between e 
level of the stalk and the anterior border of the mammi llary bodies, u rom 

* A notable exception is the ontical survey by Bruch (1939) , who has pubhshed an Eughs 
version of FrShlich’s original paper 
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their description a more specific localisation cannot be green The papers of 
Camus and Rouasy (1913, 1920, 1922), Grafe and Grtlnthnl (1929), Smith (1927 
and 1930), Crooke and Gilmour G938) and Biggart and Alesander (1939) 
contnbute only limited information m this regard, either because exact descrip- 
tions of the leaons ivere not given or because the authors were unable to correlate 
the Bite of the mjnry mth the appearance of obesity m the animals of their senes 
The latter statement apphes particularly to the papers by Crooke and Gilmour 
and by Biggart and Alexander, in both the lesions were said to mvolvo the 
anterior hypothalamus, but other animals with iihat appeared to be sunilar 
lesfons faded to gain extra weight. Hcmbeckcr, White and Eolf (1944) have 
suggested that the poraventnoular nudeus, espocmlly its caudal portion, is con 
cemed in some way with "fat metabolism ” and that lesions which mterrupt axons 
from cells of this nucleus produce obesity They report a ‘good correlation” 
between mjury to this nudeus and weight gam m their dogs Unfortunately, 
the free-hand lesions which they made damaged many other nudei and inter 
rapted many fibers m addition to those from the paraventricular nudei, and 
hence their condumons are not as oonvmcmg as they might be Hcthermgton 
(1941, 1944), on tlie other hand, placed discrete, well locahied lesions m almost 
all parts of the hypothalamus of rats, and found that large lesions of the anterior 
or dorsal hypothalarmo areas, or of the suprachiasmatic and preoptio regiona 
failed to evoke adiposity, even when the paraventncular nuclei were almost 
complctdy destroy^ The lesions which did produce obesity mvolved the 
tuberal or the posterior levels of the hypothalamus, while the most effective 
lesions lay m or i entrolateral to the ventromedial nudei, which m the rat arc 
situated at tlie lev d of the median emmence just lateral to the thud ventnde and 
ventromedial to the fomices (The swdhng or “tuber” voaible upon the ■ventral 
surface of the rat’s diencephalon is caused mainly by the presence of the ventro- 
medial nuclei at that leveL) Hethermgton and Ranson (1942b) obtained 
'markedly obese” rats from bilaterally symmetrical destruction of these nudea 
They found, however, and others have lUso reported (Brobeck, Teppennan and 
Long, 1943a) that these nuda need not bo completely destroyed m order to 
evdm a very remarkable weight g°in in the rat, smee rdatrvdy sniail lesions 
placed on the ventrolateral borders of these nuclei and oxtendmg to the base of 
the bram are smgularly effective Hethermgton and Ranson suggested that 
axons leave the nudeus along its ventrolateral aspect, where they may be 
destroyed with relative esne The same fibers can apparently bo intomipted at 
more caudal levels with mmllsr results, smeo Hethermgton and Ranson found 
that lesions m the postenor part of the lateral hypothalamic area — that is, 
dorsolateral to the mammillary bodies — ^wore also effective, while Ruch, Patton 
and Brobeck (1942) obtamed obesity in monkerys from still more caudally placed 
lesions affecting the ventral part of the thalamus, the rostral portion of the 
mescncephalio tegmentum and the H fidds of Ford There is a strong presump- 
tion, therefore, that the neurons inv olvcd m this distutbanco he m, or at least in 
the region of, the ventromedial nudei, that their axons run from tho infonor and 
lateral borders of those nudd into tho region nhove and lateral to tho mammillary 
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bodies, and from there mto the mesencephahc tegmentum (Hethermgton, 1944, 
Brobeck, Tepperman and Long, ig43a, Wheatley, 1944, Graef, Negnn and Page’ 
1944) 

Energy balance of animals with hypothalamic lesions The interruption of 
axons from cells situated m the region identified above profoundly alters the 
mdividual’s energy balance m such a way as to lead to the retention of a relative^ 
large energy surplus m the form of neutral fat By tradition, tbs retention has 
been regarded as a manifestation of some primary disorder of fat metabolism— 
presumably, as a consequence either of a slowmg down of hpid oxidation or of an 
enhancement of fat synthesis A careful search of the data published from van- 
ous laboratories, however, yields almost no evidence to justify the opinion that 
the lesions directly set up any t 3 rpe of metabohc disorder, rather, the data appear 
to support the mterpretation that hypothalamic obesity arises from certam 
specific deficiencies m the regulation of energy mtake and energy output, and 
that whatever metabohc changes do exist are secondary phenomena ansmg 
from the regulatory deficits To attempt to explam the pathogenesis of the 
obesity, therefore, is to attempt to identify the source of the suiplus energy and 
to determine why the animal spends less energy than it takes m 

Basically there are only three possible sources from wbch this extra energy 
might be denved They are 1 The food mtake of the mdividual might be 
mcreased by the lesions, so that m the presence of an unchanged rate of expendi- 
ture, a certam amount of energy is left over for extra storage 2 Pood mtake 
might be imchanged, but the amount of energy spent as work might be diminished 
In an experimental animal this would probably become evident as a reduction in 
the animal’s spontaneous locomotor activity 3 Food and work might be 
constant, but the energy lost as heat might be decreased This decrease might 
occur o, m that fraction of heat loss wbch makes up the basal metabolism of the 
animal, b, m the heat associated with muscular exercise, c, m the heat hberated 
m the course of the digestion, assuniiation and utilization of food (the so-called 
“specific d 3 mamic action”), or d, m the amount of heat expended by the animal 
for purposes of temperature regulation In the followmg discusssion these 
possibihties will be considered one at a time 

1 Food intake That animals with appropriate hypothalamic lesions may 
become obese because they eat large quantities of food appears to have been 
first suggested by Keller, Hare and D’Amour (1933), who found that certam of 
the cats and dogs upon wbch they had performed operations for another expen- 
ment showed an “enhanced appetite ” At tbs tune no mention was made of 
obesity, but m two short papers published later, Keller and Noble (1935, 1936) 
noted that dogs with tbs “enhanced appetite” became obese, although m many 
cases the mcreased food mtake as well as the obesity were only of transient fic- 
tion Keller and his colleagues gave almost no quantitative record of then 
animal’s food mtake, nor did they report the rate of weight gam Yet they 
make the mterestmg observation that at least one of the kittens and one o e 
dogs would drink enormous quantities of milk (but not of water) when they vere 
given no other food Their dog 130 once drank five hters of milk within an 
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eight-hour period, and before the end of the period was passmg undigested millr 
by rectum. (See also Keller, Noble and Hamilton, 1936 ) A few years later 
Krieg (1938) also mentioned "alterations of feedmg reactions” m rats with 
hypothalamic midry, but the nature of the alterations and their possible 
significance in the ebology of obesity were not further desenbed 

Withm the past five years, observations shnllar to those of Keller and his 
collaborators have been made in several different laboratories upon the rat 
(Tepperman, Brobeck and Long, 1941, Brobeck, Tepperman and Long, 1943a, 
Brooks, 1946a, b, o, 1946), the cat (Wheatley, 1944, Ingram, 1946,) the dog 
(Hembecker and White, 1944,) and the monkey (Brooks el al 1942 ) KTien fed 
cd libUum, animals with hypothalamic lesions may eat twice or three tunes the 
amount of food eaten by normal animals, as Keller observed, they appear to have 
an "enhanced appetite ” or as stated by Brobeck, Tepperman and Long 
(1943a), they exlubit hyperphagm’ Their greatly augmented food mtako 
appears to be a consequence of a highly abnormal attitude toward food — an 
attitude which is most noticeable within the first few' days following the placmg 
of the lesions, but which may persist almost mdefimtely and which is mtcnsified 
by short periods of fastmg or by reatnction of their food mtake They habitually 
eriiibit what appears to be extreme hunger and they may be said not to “eat” 
then food, but rather to "attack” and to ‘ devour” it. For example, Wheatley 
(1944) found that his cats ‘ate hurriedly or wolfed their food, while normal cats 
^ven the same diet ate sloivly, frequently taking several hours to consume tiielr 
allowance " He ivrote also of their oracious, tigonsh appetite,” while Ingram 
(1946) Ukewise observed that his cats displayed "a high degree of voracity, eating 
their meals m a fraction of the tune taken by most normal cats or by cats with 
control lesions ” When their food mtake is limited (as m a paired feedmg exper 
iment where the animal with lesions is given only a normal amount of food each 
day), they may cat their food withm a few mmutes or an hour, althougdi an 
equivalent amount will supply a control animal for the full 24 hours (Brobeck, 
Tepperman and Long, 1943u) A comparable degree of voracity was also 
observed by Brooks (1946o) m rats used for a paired feedmg space-feedmg exper 
unent m which small portions of food were delivered to the animals at intervals 
throughout the day and mght Fed m this manner normal rats hoarded their 
food durmg the day and ate it at mght, while the rats with lesions appeared to be 
eagerly nwaitmg the deh\ cry of each morsel which they dev oured as soon as it 
fell mto the cage 

One of the elements of hypothalamio hyperphagia which makes it such a 
stiikmg, impressive phenomenon is the abruptness of its onset In the rat, for 
example, where the hypothalanuo operation is usually performed vnth the rat 
under the influence of a short-acting barbiturate, ravenous eating may appear 

• Tbe word ' hypeiphsglA” w-aa cbo««a becauM It does not have the aubiecUvo paycholo- 
rical connotatlona of the terma “hunger ” appetite satiety' and ‘bulimia ' and 
becauM the word •polyphagin ‘which might have been adopted impliee 'omnlvorouaneaa, 
craving for all Idnda of food (Doriand) Hyperphagia U taken to mean aimply fncrcaaed 

eating 
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even before the effects of the anesthetic are completely gone, and the food intake 
of the first post-operative day may be three times the normal daily intake In 
many instances the animal eats more durmg the first 24 hours than it ever eate 
durmg a sumlar penod thereafter, it is not imcommon to find that on this first day 
the food mtake jumps to a high peak and that it subsequently dechnes gradually 
as the animal becomes more and more obese Expressed m terms of the dynamic 
and static phases of the obesity, the food mtake may be greatest at first and less 
as the animal approaches and enters the static phase There are certam animals, 
hoM ever, which never enter a true static phase because they’^ contmue to overeat 
and to gam weight almost indefinitely These are the ammalK m vhich the 
the greatest deficit appears to be present, and it is endent, therefore, that the 
deficit IS not an aU or nothmg phenomenon, that some operations are more suc- 
cessful than others, and that there is a considerable amount of vanation m the 
degree of the hyperphagia exhibited by different animals 
At least two partially successful attempts have been made to ascertam the 
significance of the tendency shown by many rats to return to a normal food mtake 
as they become obese There may be a certam amount of recovery from the 
effects of the operation, but the followmg experiment mdicates that this is not 
the only explanation of the gradual decrease m food mtake A rat will regam its 
hyperphagia if it is first fasted long enough to aJlon it to return to a normal body 
weight To perform this exqienment the animal is allowed to grow obese, it is 
then fasted for 20-35 days, dependmg upon just how obese it has become, and 
finally, it is given food ad libitum once more It will then become obese a second 
tune (Brobeck, Tepperman and Long, 1943a, Brooks, 1945c) 

Durmg the penod of extreme hyperphagia immediately followmg the operabon, 
a rat may gam as much as 42 grams m 24 hours, where the normal rate of gam n 
only 0 5-1 0 gram per day (Brobeck, unpublished) Most of this immediate 
gam must represent the food and water wnth which the gastromtestmal tract is 
distended, yet the rat may contmue to outgam its control by a ratio of more 
than 5 1 for several iv eeks or more, and m this case the weight gam must represent 
an actual mcrease m tissue constituents, i e , m neutral fat Brobeck, Tepper- 
man and Long (1943a) found that there vas a significant correlation between 
food mtake and weight gam m their rats, smee the more the animals ate, the more 
weight they gamed, and this observation led the authors to conclude that the 
hyperphagia was primarily responsible for the development of this typ® of obesity 
Whether hyperphagia is solely responsible for the abnoimal v eight gam, 
however, is a debated topic (Hethermgton and Ranson, 1942c, Brobeck, Tepper- 
man and Long, 1943a, Brooks, 1946, Brooks and Marme, 1946, Ingram, 

To attempt to answer the question, animals with lesions have been pair-fed wi 
normal controls by givmg the operated animal the quantity of food eaten by t e 
control on the previous day (or durmg the previous w eek) The energy m e is 
thereby held to a normal level at which the weight gam of the two amnia 
be directly compared The results apppear to shov that while hyperp r® 
the most important factor and while m many animals it may be the only 
there are other factors which have smaller though appreciable effects upon 
gam The experience m Long’s laboratoiy may be taken as a typica 
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Twdve paired feeding expenmente were reported, in nine of thorn the rat with 
leaonfl gained at the aame rate aa the control with which it was paired until the 
tune ad Ithlum feeding was instituted, whereupon the former animal ahnost im 
mediately began to become obese because it mcreasod its food mtake Here the 
hyperphagia appeared to be solely responsible for the obesity In the other 
three pans of the senes, the rat with lesions gamed a htUe more rapidly Ihnn the 
control during the paired feeding, yet when ad libtium feedmg was permitted 
the former animal underwent an abrupt rise both m food mtake and in weight 
gain. Here the hyperphagia, althou^ clearly the most important, was not the 
only factor responsible for the excess gain To discomr the nature of the other 
factors it IS necessary to enquire further mto the behamor of the animal with 
hypothalamic lesions 

One of the most popular hypotheses to account for the obesity of human 
patients who are s^ to eat only a normal quantity of food is the idea that their 
food IS Unusually well digested and absorbed from the gastromtestinal tract. 
Thus their total energy mtake might be greater than that of normal mdividoals 
even thou^ the total amount of food actually eaten by the two groups might be 
identical Unfortunately for the proponents of this view, there appears to be no 
expenmental evidence to support the theory, such measurements as hav o been 
made indicate that abnormal weight gam m general cannot be accounted for on 
this basis (Evans, 1M2, Newburgh, 1944) In the case of animals with hypo- 
thalamic lesions, howoT.’er, mtestinal digestion and absorption have not been 
measured, and whether or not a greater proportion of the foodstuffs is absorbed 
is unknown. Presumably this is not an Important source of extra energy, smee 
the obcaty of animals upon ad libitum feedmg can be attributed to their hyper 
phagia, and since the abnormal weight gain of pair fed animids appears to be 
the result of a reduction m locomotor activity or m total heat production or m 
both of these factors (see below) 

2 Sponiantous locomotor actmly Muscular exercise is the second important 
variable factor m physiological energy exchange If all other factors remained 
wnstant, the energy surplus leodmg to hypoUmlamio obesity theoretically might 
arise solely from a reduction in the animal's motor output. This possibility may 
be investigated m a laboratory animal such ns the rat by means of one or another 
type of “activity” cage The type most widely used consiste of a freely turning 
orcular cage attached to a “coimter” which records the number of rei olutions 
through which the cage turns as the animal walks or runs made it With 
activity cages of this design Hethenngton and Hanson (1942c) discovered that 
the production of hjqiothalAmio ledons brings about a brief period of extreme 
hyperactiviti which usually begins men before the a mm n ! has completely 
recovered from the anesthetic used for the operation, and which persists for 
•evetal hoiira.^ Then the hyperactivity gradually ceases, to bo replaced by a 
period of inactivity which appears to be a permanent deficit, bIucg it persists for 

• Brob«k Teppermim and Long (1W3») found that when the rats were given food dunng 
the period of hyperacUvlty many of them would immediately etop movmg around the cage 
In order to atUck the food which they devoured In largo quantities The ravenous eating 
appeared to be a substitute for the ' frensied’ aotlvity whle'- '* ~i wrw 
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several months or more -with only mmor fluctuations Then- observations were 
confirmed m the rat by Brooks (1946) and by Brobeck (unpubhshed), and in a 
general way m the cat by Ingram (1946) Hethenngton and Ilanson appear to 
have recorded m quantitative terms a phenomenon that had already been quabta- 
tively descnbed as a tendency toward mactivity and somnolence m anunals with 
large lesions of the postenor hypothalamus (Eanson and Magoun, 1939) 

There is general agreement, therefore, regardmg the effect of hypothalamic 
lesions upon locomotor activity, but there is a division of opmion over the 
significance of this mactmty as a cause of obesity In the opmion of Hethenng- 
ton and Ilanson (1942c), the inactivity was a prunaiy source of the surplus energy 
stored as fat by their a nimals , and the food mtake was a factor of nunor impor- 
tance Other workers, however, favor the view that the hypeiphagia is the basic 
and most important source of energy imbalance, especially when the animal is fed 
ad hbitvm, and that the mactivity is, according to Brooks (1946), “at most, 
merely a contnbutoiy cause of obesity,” the effect of which is important only 
under certam conditions (Brobeck, Tepperman and Long, 1943a, Ingram, 1946) 
For example, ivhen the food mtake is arbitrarily limited m amount as m paired 
feedmg, an inactive animal may store as fat the energy spent m locomotion by 
its more active control animal, and consequently, the former may sbghtly outgam 
the latter (Brobeck, 1946) This may be one explanation for the results of the 
paired feedmg experiments descnbed above where a relatively small number of 
animals were found to gam weight more rapidly than the controls with which 
they were paired But the followmg observations suggest that this mechanism is 
ordmanly not an important cause of obesity 
a Inactivity by itself does not always lead to obesity (Brooks, 1946) Thus, 
all of the ten male rats studied by Hethenngton and Hanson (1942c) were inac- 
tive, but only six became obese, and four of these six ate more food than their 
controls If inactivity were necessarily related to obesity, all ten animals should 
have gamed extra weight Similarly, Brobeck (unpubhshed) found that loco- 
motor inactivity of vaiymg degrees occurred m all of twelve male and twelve 
female rats with h 5 q)otiialamic lesions, yet none of the animals gamed extra 
weight so long as they were given only the amount of food given to them controls 
(The controls had been tramed to eat them food as the rats with lesions ate, m a 
^ort penod of time) Yet when they were given food without hmita- 
tion, the majonty of &e animals with lesions almost immediately began to 

become obese b Although the obese rat does not walk or run much m an activ- 
ity cage, its total energy expenditure for muscular exercise may be elevated above 
the normal level because it must exert more force m movmg the fat-laden 
bers of its body durmg respiration, eatmg, drmkmg, etc Brooks (1946) w^ e 
to this conclusion by the results of an experiment performed upon rats ho^ m 
cages where motor activity was recorded upon a kymograph through a sys^ 
connected with rubber tambours upon which the cage was suspended 
apparatus recorded all types of activity great enough to disturb the equJbbnum 
of the system With it Brooks observed that the penods of 
mactivity described by Hethenngton and Hanson (1942c) were followed y 
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penod charactenwd by bouts of hyi>eraotivity that finally became almost con 
tmaoua aa the animal became obese He interpreted this to mean that the tam 
bouTB were bebg compressed by movements too alight to have been recorded 
when the animal was of normal size and weight, and he suggested that “the 
energy requirement for activity obviously increased as the animals became 
obese *’ Hs mterpretation agrees -well with Newburgh’s (1944) conclusions 
regarding the energy expenditure of the obese human patient dunng muscular 
exercise. 

3 Heal production Finally, the antmal with hypothalamic lesions might 
divert mto its storage mechanisms energy normally dissipated as heat with the 
result that the obesity 'w ould depend upon a reduction m the total heat produc 
tion. Food would then be utiliied at a higher “efficiency,” i e. , the proportion 
oC food energy expended as heat would be depressed and relatively more energy 
would be available for storage. The body temperature would tend to be pro- 
portionately below normal unless a normal temperature could be mamtamed 
throu^ the activity of the mechanisms of heat conservation, such as pilomotor 
VBSOTQotor and postural changes which are ordinarily not active at the usual 
laboratory temperatures. This posabihty is an interesting one because the 
hypothalamus is known to bo largely responsible for the regulation of body 
temperature, even though tiie rate of heat production has not been shown to be 
under direct hypothalamic control (Clark, Magoun and Ranson, 1939) How- 
ever attractive hypotheaia may be, it cannot account for the obesity of anim al s 
fed ad Ubxtum because their heat production rises as they gam weight Estimated 
from their total oxygen consumption imder fastmg, resting conditions, their 
total heat production may become twice as great as it was before the hypotha- 
lamio operation (Bnihn and Keller, 1941, Brobeck, Tepperman and Long, 1943a, 
Brooks and Marine, 1940) Yet the animal may continue to gam weight, this 
can only mean that the obesity originates primarily from some source other than 
the conservation of energy which a normal animal spends as heat. The fore- 
Cuing diflcuaaion will malm it apparent that the energy surplus is for the most 
port a consequence of the hyperphagia 

Nevertheless, there is evidence which suggests that rats vdth hypot halam ic 
lesions may undergo a dimmution m total heat production withm the first few 
days after the production of the lerions Smee this diminution shortly becomes 
obliterated by the rise associated with the developing obesity, it can be detected 
only by testing the animals before their weight has changed appreciably, or by 
preventing abnormal iNei^t gam by limiting their food intake (Brooks and 
Marine, 1946) Quantitatively the amount of energy made availablo for extra 
storage by the reduced heat production Is almost insignificant in contrast to the 
huge excess ordinarily m as food Yet the data of Brooks and Manne 
indicate that the rate of heat produebon may bo on important factor in pnxdse 
studies of energy exchange, and may well explain the abihty of certain a n i mals to 
outgaln their controls during paired feeding (Hethcrmgton and Ranson, 1942c, 
Brobeck, Tepperman and Long, 1943a, Ingram, 1946) 

How the hypothalamic damage alters the basal heat produebon is unknown. 
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The observation that the change comes on gradually over a penodofdays 
(Brooks, 1946c) suggests that it is a secondaiy phenomenon, dependent upon 
some other more direct effect of the lesions It may prove to be a result of the 
animal’s disturbed feedmg habits Thus, Brobeck, Tepperman and Long (1943a) 
had previously suggested that the abihty of a certam feiv rats with hypothalamic 
lesions to gam extra weight durmg paired feedmg was a consequence of then 
abnormal feedmg habits, or specifically, of the fact that the hyperphagic anunals 
ate a normal 24-hour portion of food withm one or tivo hours If this mterpreta 
tion of the phenomenon is correct, the unusual weight gam should disappear if 
the animals could be mduced to eat normally Unfortunately, it has not been 
possible to devise a method for restonng normal eating habits m these rats 
Brooks (1945c) was able to approach tins goal, however, by conductmg paired 
feedmg experiments m which the operated animals could .not eat then dailj 
portion all at once because the food was supphed m small amounts at 4-hour 
mtervals throughout the day and mght On this regimen some of the operated 
rats still outgamed then controls, but a rather considerable difference betiveen the 
eatmg habits of the two groups of rats persisted throughout the expenment, 
masmuch as the operated rats showed strongly developed anticipatory behavior 
when the food was about to be dehvered, and promptly consumed each pellet 
By contrast, the normal rats let their food accumulate until mght time, when 
they ate it accordmg to their usual schedule Brooks’ observationB suggest, 
therefore, that the source of the positive energy balance m the pair-fed rat with 
lesions IS not to be found m the habit of eatmg a large amount of food all at once, 
but his expenment does not rule out the possibihty that the difference m weight 
gam is denved m some way from the dissimilar eatmg habits of the two groups of 
ammals This problem has also been approached mdirectly by trainmg normal 
rats to eat as qmckly as the operated, pair-fed rats do, when the controls are so 
tramed, they gam at the same rate as the operated rats ivith which they are pair 
fed (Brooks, 1946c, Brobeck, impublished) It seems probable, therefore, that 
the time of eatmg is an important consideration m the study of energy balance, 
or that the manner m which food is utilized depends to a certam extent upon the 
eatmg habits of the animal More definite conclusions must await further 


evidence 

Intermedtary metabolism of foodstuffs in animals imih hypothalamic lesum 
From data now available the mtermediary metabolism of foodstuffs m the 
pniTTinl with hypothalamic lesions cannot be descnbed with any degree of confi 
dence Here may be a potentially profitable field for research Data hitherto 
reported appear to pomt to two general conclusions 1 That the abnormahties 
which may be present have to do with the rates at which chemical reactions 
occur, smce the reactions per se are not unusual although the rate at which ttev 
proceed may be qmte different from those of the normal mdividual 2 1 e 
differences appear to be the result of the animals’ abnormal eatmg ha i > 
specifically, of their tendency to hyperphagia 

There appears to be nothmg remarkable about the chemical ^nic ^ 
accumulated fat Hethermgton and Weil (1940), who made a limited analysis 
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d the caicasEes of two obtso rats with puid\ hypothulanoo Icstms (ni well n" ot 
two rats with combined hj-pophraaal and hjpothalaroio k^ioni), found that tba 
tmpiio body mass was composed ahnost entirol\ of fat w hieh bad normal iodine 
tad rapcHilfication nnmbeis. They also determined the total and the toLalm' 
qnantities of phoephonia, calaum and iron in the whole enreasa and in the 
atetone and m the alcohol fractions, and dtscoiTtcd that tho alisoluto qviantitl 
of eadi of the three elements iras tho same as m normal rats ExpnxiSfd in 
percentage of the total weight of tho carcass, how eimr, Uiero wn' an apparent 
deplebon of phosphorns and calcmm, and possiblj also of iron HetherliiRton 
and IVeil mterpreted the percentago changes to bo indicatii o of an ' ob\ lonelj 
disoidercd fat metabolism” Novorlhelcas another intctprointion appears in Im 
poesible, namel>, that except for the surplus fat, tho oompoeltlnn ot Iho ear- 
osBes was normal, smcc tho absolute quantities of phosphorus, cnloium and iron 
were withm normal hrmta and sinco these elements are normnllj present mainly 
in the non-adiposa tissue of tho body Tho obese carcass is proimbly ooinlioseil 
nf two fractions, vu , 1, tho non-adipoeo tissues (containing most of tlio 1’, 
Cn and Fa) which are of normal siio and composition, and 2, the adipose tissue 
which has a normal composition but a tromcndouslj Inorcnsod total mass Tim 
latter tends to ‘‘dilute" the foimor when tho ooncentmUon of any nlonionl 
praaent mainly m the non adipose tissues is oxpreased ns a percentago of the 
total body mass The ‘‘doplotion" observed by IIolhorinRloti and Well, Uioro* 
fore, may be only an apparent ono donvod from tboir molhod ot expressing Uielr 
results, and their data may or may not mean Uiat tho intormodlaiy molaiiolism 
of fat Is ‘‘disordered” 

There haa been a tendenoy to suppose that the imlmalfi arc nnabto to motalm 
Ese tho fat which accumulates in such groat quantities, but tiio avnilnJiIo export 
mental evidcnoe indicates that this supposition is unjustilled Oiirso rats and 
monkeys can and do utUiro tissue fst when their food supply Is lnade<| 0 ale 
(Brooks, Lambert and Bard, 1942, Brobcok, Toppnrman and Imng, 19111a) 
They may bo fasted for long periods ot tlmo (as long ns 35 days, Brolsmk, un 
published) while they use up their body fat and loeo wciglit at a mtii widcli 
euggesta that fat is fumishmg most of tlio energy for Uicir motnholln proeflW''" 
Upon refeedmg, obesify may reappear rurtlior ovidonco Itmt fat is oxidiml 
without difBculty is to bo found in tho obscrvntlon llmt Uio rcsplratoiy tpiollBnl 
of the fasting obese rat is withm normal limits, Isilwccn 0 700 and 0700, well 
withm the tango associated witli fatty omd utllliation fl eppennan <il a) , 1943) 

The mtermcdiaiy metabolism of dietary carbohydrate, however, is known 
to bo altered in animals witii hj^KitJuihunlc hyperphagia, since f'l pjs rmnn et at 
(1043) obtained evidence that carbohydralo is transformed to fat at a tn men 
donsly accelerated rate The oWdence was obtained by comparing lijo nstpira 
toiy quotient of normal and of operated rats in the fasted state. In tlio fed elati), 
and dunng the absorption of glucose aolalion Fasted, the K Q was tiio Mine 
In both groups of rats (an noted above), whldi imhcatca that botii wore iiUHnng 
for energy nod beat the aanv eubstrate, mainly fatly aeids LMicn normal 
rats were fed or pven glucoa' the IL.Q rose a httle undoubte^lly Is-cauce te ^ 
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of the carbohydrate was oxidized (R Q 1 000) and some was converted to fat 
(R Q above 1 000) Under these same conditions, on the other hand, the R Q 
of the h 3 rperphagic rats was found to be exceptionally high, well above umty and 
withm the range to be expected only if most of the absorbed carbohydrate was 
bemg converted to fat Tepperman et al (1943) concluded that the RQ 
change was not a direct result of the hypothalamic damage because they found 
that just after the operation, rats disposed of glucose m the same way as did 
the controls, accordmg to Brooks (1945b) the adaptation gradually appears 
withm the first postoperative week, as mi^t be expected if the phenomenon 
arose from the a nim a l s* hj^ierphagia Tepperman also discovered that normal 
rats could be mduced similarly to convert glucose to fat preferentially if they 
were tramed to eat their 24-hour portion of food withm a short period of time 
In some way or other the training process accelerates the rate of the conversion 
reactions, possibly because the adipose tissue constitutes the only depot large 
enough to hold the amount of material which must be stored when the animal 
can eat only once a day In the opimon of Tepperman et al “The studies on 
unoperated animals show that periodic overfeedmg of carbohydrate results m 
an mcreased tendency to convert carbohydrate to fatty acids, the experiments on 
ad libitum fed rats with hjrpothalamic lesions, some of which ate from two to 
three tunes as much as did their controls, demonstrate a similar response to 
stress on the part of the conversion mechanisms Thus, the tissues of the over- 
nounshed animal may be presented with a metabohc mixture of carhohydrate 
and fat that bears httle resemblance to the proportionate representation of 
those substances m the normal diet Schoenheimer and Rittenberg (1936) 
showed that even the normal animal m calonc balance converts some ingested 
carbohydrate to fat, and that the fat depots are by no means mert storage 
places from which an energy source is mobilized only durmg fastmg The 
present studies suggest that, m the ovemounshed animal, there may he a marked 
accentuation of the processes descnbed by these authors ” In support of this 
conclusion, Dickerson, Tepperman and Long (1943) found that a high RQ 
m the presence of glucose was manifest also m hver shces taken from tramed 
animals, and that the hver appeared to be playmg an important rfile m the 
carbohydrate-fat conversion process The reaction, itself, is not abnormal, 
itS unusual character m rats with hypothalamic lesions and m tramed normal 
rats hes m the unusually rapid rate at which the conversion takes place and m 


the large quantity of carbohydrate bemg disposed of m this way 
Tepperman and his coUer^es discovered that msuhn plays an essential part 
in the reactions which brmg about the rise m respiratory quotient observed m 
then anunals, and m the hght of Drury’s (1941) evidence that msuhn promoto 
fat storage, they suggested that relatively large amounts of msuhn might be 
needed by animals synthesizmg large quantities of fat from carbohydrate The 
•well known association between human obesity and diabetes melhtus 
1942) has been advanced as an argument m favor of this hypothesis by Brobe<^. 
Tepperman and Long (1943b), who showed that hyperphagia does 
rat’s msuhn requirement, smce the production of appropriate hypothaianu 
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fcEtnsTntli rcsulfang hypcrplmEia provoV^ a strildnR glycnwiria In MnvMy 
mm-dobeUc, partiaUy depancreaUied rate. "Whon the lood Intekfl won rc«li|(ite(l 
to flie preoperabvo IcteI the glycosum decreased in inlenully mid (iventlially 
disjppeared. The remnant of bkt tissue present In n pattlidly (lenniii reatlred 
rat evidently Uberates just enough insulin to pnmdo for the motelmllsm nf 
normal amounts of food, and vrben the food intalre is so grenlly IncwnBCd midut 
the influence of the dienccphahc mjuiy, insului can no longer 1 h) elnlmmled 
rapidly enou^ for disposal of aU of the carbohydrnto, Ivyporglycomlii and nlyco 
Sana then develop The rat whoso pancreas has not been eurgliially reduced 
m sue Is better able to take care of largp quantities of food, but oicn lietn a 
latent msuhn dcfiaencj may bo demonstrate by suilablo teals 1 or inelaneo 
m the presecos of long standing obeait} tho rat maj show impaired cluccee 
tolerance as well as occasional, spontaneous glycoeunB (lltobcok Tepix'rmji 
and Long, IMSb) In this connection it is appropriate to recall (lie rcoois 
of Banson, Fisher and Ingram (1038) where the authors described an 
monkey with diabetes melhtus, although they were not comdneed that 
the obesity or the diabetes arose from tho hypothalamio damage Ihcr^^ 
inflicted More recently , Ruch and Patton (1910) observed saclijr 
monkey with unmistakable diabetic tendencies if not frank duV;^ 11 !#“^ 
The evidence is reasonably convincing, therefore, that tlie Luai/ mJi 
thalamic lesions may imdergo changes in tho intcrmcdiny 
carbohydrate which are the result of habitual oaerfeedmg * 

Ortffin of the hyjxrphafia To recapitulate E-vpcrimcntal lyr ^ 
that the obesity of animals with hypothalamio lesions nTn«p^»-Y 
marked inoreaso m food consumnlion This increase marl, a 


of obesity under ordinaiy laboratory conditions Only when 
arbitrarily held at a normal Iotc! is their relatively lOnnl! inftp » 

energy exchange dotcotablo IITion tho food intake is no! 
food eaten by tho animal constitutes a rolalu’oly largo cneiff,,/ 
tho tissues diapoee of by storing some of it and by oxidimig t 
dioxide and water Hence, tho obesity and the clei nted lotiix ^^^dvxi 
tion of the obeso ammnl. Expressed in this way ns a problsm 
the situation appears to be fairly clear — tho more tho'jimu 
obese it becomes. But expressed in phymologtcal terras tnore 
regulation of energy oxch^go, tho situation is still ci the 
“Why does the ammal with hypothalamio lesions call sn ’•"csboa 
immediately raises the questions, "Why docs tho Ajjinu^ fotxl'" 
What dotermmes how much it will cat? What chnnH^ Lyvl ’ 
ment sot tho animal to eatmg, and what changes ennri'^ 

Although the evidence appears to bo incomplete, hj|Mb tetietr 
tentotii ely regarded ns a consequence of a particulnnp^^ mar? 
anlsma which regulate energy exchange. Norm^K-i ^ 

work output and heat production are controlled 
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an equilibnum between energy mtake and energy output, as a result, the amount 
of energy stored as fat remains almost constant from day to day and from year 
to year, even though the organism must submit to variations m diet, m work 
and m environmental temperature The precision with which this equihhnum 
IS mamtamed suggests that there must be some quantitative regulation and 
mtegration of the variable factors upon which the equihbnum rests, i e , of food 
mtake, work output and heat loss One can hardly fail to be impressed by the 
profound disturbances m the regulation of each of these factors which have 
been observed to follow appropriate h 3 q}othalamic mjury Obesity is one such 
disturbance, the result mainly of a failure of regulation of energy mtake, the 
others mclude the deficiencies of temperature regulation descnbed by Clark, 
Magoim and Ranson (1939) and by Eanson (1940), and the locomotor inactivify 
reported by Hethermgton and Eanson (1942c, see above ) That lesions of the 
hypothalamus mduce these highly t 5 q)ical deficits seems to mdicate that the 
hypothalamus normally participates m the mamtenance of the overall energy 
equihbnum, and that the control of ‘food mtake, work output and body tem- 
perature may be correlated and mtegrated withm this portion of the dien- 
cephalon 


REFERENCES 

Abchneb, B Pflfluer’s Arch 146 1, 1012 
BAaiNSKi, M J Rev neurol 8 531,1900 

Bailet, P and F Breuer Endocnnology 6 761, 1021a Arch mt Med 28 773, 1921b 

Babd,P Res Publ Am nerv ment Die 20 661,1940 

Bell, W B Quart J exper Physiol 11 77, 1917 

Biggabt, j H and G L Alexander J Path and Bact 48 405, 1939 

Brobeck, J R Am J Physiol 143 1,1946 

Brobeck, j R , j Tepperman and C N H Long Yale J Biol Med 16 831, 1943a 
Yale J Biol Med 16 893, 1943b 

Brooks, C McC Fed Proo 4 9, 1946a Fed Proo 4 9, 1945b Peraonal oommumca- 
tion, 1946c Fed Proc 6 12, 1946 

Brooks, C McC , E F Lambert and P Bard Fed Proc 1 11, 1942 
Brooks, C McC and D N Marine Fed Proc 6 12, 1946 
Bruch, H Am J Dis Child 68 1282, 1939 
Bhuhn, j M and a D Keller Am J Physiol 133 229, 1941 

Camus, J andG Rousst C R Soc Biol Pans 76 483,1913 Rev neurol 36 1201,1920 
Rev neurol 38 622, 1922 
Clark, G Science 90 92, 1039 

Clark, G , H W Magoun and S W Ranson J Neurophysiol 2 61, 1939 
Crooks, A C and J R Gilmour J Path and Bact 47 626, 1938 
Crowe, S J,H Cushing and J Homans Johns Hopkins Hosp Bull 21 127,1910- 
Dev, F L Endocnnology 33 75, 1943 

Dickerson, V Ci,J Tepperman and C N H Long YaleJ Biol Med 16 875,1943 
Dott, N M Quart J exper Physiol 13 241, 1923 
Drurt, D R Am J Physiol 131 636, 1941 

Erdheim, J S B Akad Wiss 'Wien,Abt 111,113 637,1904 t Ph la 

Evans, FA In G G Duncan Diseases of metabolism. Chapter 10, pp 613-691 Phila- 
delphia, Saunders, 1942 

FrOhlich, a Wien khn Rdsch 16 882, 906, 1901 Res Publ Am nerv ment Via au 
XVI, 1940 Am J Dis Child 68. 1282, 1939 Discussion foUowing paper oy 
P Bailet Res Publ Ass nerv ment Dis 20 713, 1940 



OBESITY IN ANHULB 'WTTH HYPOTHALAMIC LESIONS 


C69 


Qaisr, L, J Kkorin. Jel AifD I H Faqb Am J Pathol 20: 823, 1044 
Obate^E akdE QbOntylal KUq Wclmaohr 8 1018 1029 
EmE£CEZB,F.,H L WoiteandD Rolf Am J Physiol 141:549,1044 
HimnaQHOTON, A W Endocrinology 20: 2M 1040 Am J Physiol 183 826 1041 Am 
J Phyaiol 140 89,1043 J Ojmp Neurol 80:83 1044 
Bbtheeihoton, a W and B W Kansor Proc Soo exper Biol , N Y 41 466 1039 
Anat, Rec 78 149 1040 Endoormology 81: 80 1042a J Comp Noartfh 78 
476, 1042b Am J Phyaiol 188 609 1042c 
HEratBWOTOH A W AND A Weil. Endocrinology 28 728 1040 
IvOBiu, W lU Personal communication 1045 

Keiaeb a, D W el Habs and M 0 D'Amoub Proo Boo Exper Biol , N T 86*772 
1033 

Kellbb, a D and W Noble Am J Physiol US 70 1035 Am J Physiol U6» 90, 
1936 

Kelleb,A.D ,W NobleandJ W mumron Ja- Am J Physiol m 467,1936 

Ksnto.W J B Anat^Rcc 70 suppl 3:48, 1938 

McHwrar E, W and J M Pattehson Phynol Rev 34 128 1944 

MsanbjJ H Arch int Med 17 : 704 1916 

Mohb. Wohnachr ges Hmlk pp 665-6n,1840 

NmtmoH,L H. Fhyriol Rev 24 18 1044 

RahboNjB W Res Publ Aea nerv ment Dia 20:342 1040 

Rakmh,B W,0 PibhebakdW R iNonAii Endocrinology 23 175 1038, 

Hanson, B W andH W Maoouk Ergebn Physiol 41 66 1939 
Ront, H R, Obesity and leanneas Ftdladclphla, Lea A Febigsr, 1040 
Htich,T C,,M Bum and j Brobccx Am J Physiol 133:P433 1941 
Ht?w,T 0 andH D Pattoh Personai communication 1046 
Ruco.T C,H D Patton AND J R Bbobecx Fed Proo 1:76 1012 
ScBQpfmnnm, R. and D RmxKBimo J Bid Chem 111 175 1036 
Bioth PE JAMA88 16S1027 AmJ Anat 46 205 1930 

’^^‘wraMAN.J J R BbobeckandC N H IjOno Am J Phyaiol 133:468,1041 Yale 
J Biol Med 16 : 855,1043 

WnsATLBT M D Arch Neurol Payohlst Chicago 62:296 1044 



CARBONIC ANHYDRASE IN TISSUES OTHER THAN BLOOD 

HOEACE W DAVENPORT 

Department of Physiology, University of Utah School of Medicine, Salt Lake City, Utah 

The reaction CO3 + H2O HiCOj proceeds at a finite rate in the absence 
of any catalyst, and the reaction is catalyzed by many anions and inorganic 
compounds of non-enzymatic nature which are present m tissues (84) A 
reaction velocity equation which takes into account the non-enzymatic catal- 
ysis has been described by Roughton, and the numencal values of the several 
constants occurring m the equation are known (82) 

The reaction is also catalysed by the enzyme, carbomc anhydrase The en- 
zyme was ongmaUy sought for and discovered m the eiythrocytes because it 
was shown that the rate of the reaction m the absence of an enzyme is not fast 
enough to account for the known rate of hberation of carbon dioxide in the 
lungs (80, 81) Without carbomc anhydrase the release of the amount of 
carbon dioxide hberated from the blood durmg one passage through the lungs 
would go to withm 90 per cent of equihbnum m about 100 seconds Smce 
er3dhrocytes spend less than one second m the lung capillanes (83), enzymatic 
catalysis of the reaction is required 

When the function of carbomc anhydrase m tissues other than blood is bemg 
considered the fact must always be kept m mmd that the rate of the reaction 
uncatalyzed by carbomc anhydrase does have a fimte velocity If the rate of 
reaction required by the metabohc activity of the tissue is not limited by blood 
flow or other mechamcal factors the rate of the reaction uncatalyzed by carbonic 
anhydrase may be fast enough Therefore, it is necessary to demonstrate for 
each tissue m which the enzyme is present that enzymatic catalysis of the re- 
action IS actually required The demonstration of the presence of the enzyme 
m a particular tissue is not proof that the enzyme has an mdispensable function 
there 

DtsiribiUton tn tissues of warm-blooded ammcds It is difficult to compare the 
reported values for the concentration of the enzyme m vanous tissues, because 
the umt m which the activity of the enzyme is to be expressed has not been 
agreed upon Important as the exact defimtion of the umt may be for chemical 
work on the enzyme (68, 60, 86, 87, 88, 89), it is not important for physiologica 
work. There is at least one thousand times as much enzyme present m the 
eiythroc3rtes as is needed to furnish the required catalysis of the dehydration 0 
carbomc acid m the lungs (81, 82) In most tissues where the enzyme is ^ 
fimtely known to be present its concentration is probably no less than one-ten 
and certainly no less than one-thousandth that of the erythrocytes 
probable that there is considerable excess of carbomc anhydrase m tissues ot er 
than blood Small differences m concentration between tissues or m varmns 
parts of a tissue cannot be assigned any functional significance, especially w en 
a cellular locus of the enzyme has not been determmed 

The enzyme occurs m very high concentrations in erythrocytes (7 , 
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Pure prc 5 )aiBtions of the eniyme have only 160 tlmoa as much activity as the 
eiythrooytes ivhen the two are compared on the baaia of dry weight (68) The 
euiyme is highly concentrated in the gastric mucosa (34), and it may have a 
higher concentration m the panetal cells of the gastric mucosa than m the eryth- 
rocytes (23, 24) High ooncentrationB are also found m the kidney cortex 
(36), the proventnculus and oviducts of fowls (22), and m the lens and retina 
( 8 , 9 ) 

The eniyme occurs m lower but still mgmficant concentrations m bram (1,- 
2,3,4,6,6), hver (1,48), testis (48), pancreas (48), spleen (48), red muscle (48), 
the mucosa of the duodenum, ileum and jejunum (33), the uterus and magnum 
of fowls (22), and saliva (79) The eniyme occurs only m traces if at all in 
striated muscle (48), heart muscle (48), the choroid and retina of the eye (7), 
the small mstestme of fowls (22), and the sinnal cord of the hog (2), and the 
adrenal ^ands (1) 

The eniyme is definitely absent from normal plasma (72), normal urme (72), 
milk (72) and the shells, whites and yolks of unfertihied hens’ eggs (22) It is 
also absent from the sclera of the eye (7), the gallbladder (48), skin (48), lungs 
(48) and thymus (33) 

The presence of the eniyme m several tissues has been disputed Although 
the eniyme is undoubtedly present in the gastne mucosa (34) and b the kidney 
cortex (36) this has been demed (16) The concentration of the eniyme m 
mammalian penpheml nerve has been reported as “trace” (48) The reviewer 
finds the concentration to bo less than 0 006 of his units per milligmm wet wei^t 
in cat peroneal nerve perfused completely free of blood (83) 

There are large but probably insignificant sjiecies variations m the conoentra 
tlon of the eniyme 

Dutribulton tn lower animals Carbomo anhydrase is present m frog ery 
throoytes (70), kidneys (33), gastric mucosa (33) and the lens of the eye (7), 
though m much lower concentration than in the correspondmg mammalian 
tissues There is no carbomc anhydrase m frog sciatio nerve perfused free of 
blood (33) The eniyme is present m a very large number of fish and bverto- 
brate tissues, among them tbe pseudobranchial glands, spleen, gba, stomach, 
pylono appendices and ab bladders of many fish (96), and the gills of many 
crabs, molluscs and echmodcims It is impcemblo to summarise hero tbo m 
vertebrate distnbution, and the reader is referred to the onginal papers for 
details (18,41,42,46,46 62,65,74,96) 

Ongin, precursors and fate Smeo imo is a constituent of carbonic anhy 
drase (67) an adequate dietary supply of tbo element must bo necessary for 
the formation of the eniyme However, there is no reduction in cithor the 
eniyme or the ime content of the blood of rats shoivbg severe symptoms of 
acute ibo deficioncy (65) By no means all the ibe in the tissues is contabed 
b tho carbomo anlijilraso (67, 93) It has not been shown that other com 
ponenta of tho diet are necessary for carbomo anhj draso formation. An attack 
on tho problem of carbomo anhydrase formation using the methods by which 
Wbpplo and his colleagues have studied tho formation of hcmoglobm and 
plasma protem would doubtless yield important information. 
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The site of fonnation of the enzyme is unknown The carbomc anhydrase 
concentration of the erythrocytes of fetal goats (72) and of premature infants 
(98) IS low, and the concentration arises abruptly near term The appearance 
of the enzyme m the blood should be compared with its apjiearance m other 
tissues m mamma ls In the developmg chick the enzyme appears m the lens 
of the eye on the fourth day but not m the blood until the twelfth day (47), sug- 
gesting that the enzyme may be formed mdependently m each tissue 

The enzyme present m tissues may differ from that m the erythroc 3 des (33) 
Between 20 and 40 per cent of the enzyme m aqueous extracts of gastnc muccsa 
or kidney is completely umnhibitable by the specific protem inhibitor discovered 
by Booth (17) By precipitation with ammomum or sodium sulfate a fraction 
can be prepared none of whose cai borne anhydrase activity can be inhibited 
by the protem inhibitor and which probably has a higher molecular weight 
than the enzyme from the erythrocytes When the umnhibitable fraction is 
allowed to stand m buffer solutions it slowly becomes mhibitable These ob- 
servations suggest that the enzyme as it exists in tissue is closely associated with 
another protem, and they may explam the difiBculty which Keihn and Mann 
(68) experienced m their attempt to punfy the enzyme from the gastnc mucosa 
The whole question of the ongm and nature of the enzyme m tissues should be 
mvesbgated 

There is no carbomc anhydrase present in plasma as the result of the normal 
breakdown of erythrocytes (72) Even if some of the enjyme were hberated 
by the destruction of erythrocytes there would be no enzyme activity m the 
plasma of those animals whose plasma contains the specific protem inhibitor 
When large amounts of laked erythrocytes are injected mtravenously mto dogs, 
the carbomc anhydrase present m the plasma disappears at about the same rate 
as the hemoglobm (30) No carbomc anhydrase appears m normal urme, and 
none has been found m the urme of patients suffering from hemolytic diseases 
(64) However, the enzyme, whose molecular weight is 30,000 (38, 76), can 
pass through the glomerular membrane When large amoimts are mjected 
mtravenously mto dogs previously given sodium bicarbonate the enzyme ap- 
pears m the urme (30), but only a very small percentage of the enzyme disap- 
peanng from the blood can be accounted for by that appealing m the urme The 
clearance of the enzyme is always less than four per cent of the simultaneous 
creatmme clearance, and it decreases veiy sharply with decreasmg plasma con- 
centration This probably does not mean that the enzyme is reabsorbed by t e 
tubules to any significant extent but rather that the compound which the enzyme 
forms with the protem inhibitor (a pseudo-globulm) present m dog plasma has a 
molecular weight too high to pass through the glomerular membrane 

Variations m the enzyme content of the blood m disease throw no hght on 
ongm or fate A shght fall has been reported m tuberculosis and a sma 
m diabetes (94, 96) No change occurs m rats with implanted 
The maximum deviations from normal reported m a large vanety o 
disease is only about five-fold (53, 64) Considermg the thous^d- o 
of enzyme m erythrocytes the variations recorded are not significan , nor 
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those found m brains of p^chotio patients at autopsies (4, 6) No obeervations 
have been made cm the possible absence of carbonic anhydrase frtHn the gaatno 
mucosa of patients with pemioioua anemia, nor have variations in the eniyme 
content of other tissues been studied. 

InhSnium of cariomc anhydrate Inhibitors of carbonic anhydrase have been 
used m most of the physiological work on the functions of the eniyme m tissues 
other than blood The eniymo is inhibited by protem poisons, heavy metals 
and oyamde (72) and other substances, but none is a useful physiological tool 
The first inhibitor to be used m animal experiments was thiocyanate (36) which 
inhibits gastno acid secretion as well as carbonic anhydrase On the basis of 
the exphat assumption that the rate at which carbonic acid is formed in the 
aad secreting system is proportional to the fraction of uninhibited carbonic 
anhydrase present it was calculated that the rate of acid secretion is directly 
proportional to the rate of carbonic acid formation The facts and the con 
elusion are probably correct, but the reasonmg is wrong The assumption, al 
thou^ apparently reasonable, is false, and smee it or similar assumpbons under- 
he much of the speculation on the funebon of the ensyme it deserves detailed 
analysis 

The reacbon by which thiocyanate and sulfonamide drugs having a free 
sulfonamide group (69) inhibit the ensyme can be expressed as E + I ^ El 
(31) E is the free, catalybcally active eniyme, 1 the inhibitor, and El a ca 
talybcally inactive compound of eniymo and inhibitor The reacbon is almost 
instantaneous and reversible The mass aotion expression for the reacbon is 
(B) (7 — BZ)/(E/) • k Smeo the molar concentration of inhibitor so far used 
IS at least one hundred times the molar eniymo concentration, the equation can 
bo reduced to (B)(/)/(Ef) -= k The constant for any inhibitor can be deter- 
mined by measurement of the fractional ocbvity of the eniymo at vanous in 
hibitor concentrabons, and it is Independent of the eniymo iirats and the total 
concentraUon of the eniyme It is apparently mdependent of the substrate 
concentmbon tor the reason that the affinity of the eniyme for its substrate is 
very much greater than its affimty for any known inhibitor The constant is 
also independent of the source of the eniyme The eonstant at SS'C and pH 
6 8 B about 3.5 X 10*’ for thiocyanate (25), about 7 4 X 10^ for sulfanilamide 
(31) and about 1 6 X 10~’ for thiopheno-2-eulfonainido (31) 

If the inhibitor concentration is known the fracbon of the eniyme inhibited 
can be calculated It is difficult to determmo m cells the relabon between the 
fracbonal Inhi bition of the eniyme and the fraobonal inhibition of the catalyied 
reaction. Tho rcacbons are so fast that they cannot be studied under phys- 
iological condibons of temperature and substrate concentrabons by ordinary 
methods To obtain an approxnnntc desenpUon of tho effect of inhibitors upon 
the catalyied reacbon tho rate of carbon dioxide uptake by blood has been 
studied at 0 C and 16°C with large substrate changes. Tho results obtained 
by Kellm and Mann (69) with their ingenious spectrometnc method and with 
equally largo substrate changes are similar If less than 07 per cent of the 
eniymo is inhibited the catalyied reaction is entirely iimnhibitcd, and in order 
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to reduce the rate of the catalyzed reaction by 60 per cent more than 99 6 per 
cent of the enzyme must be inhibited To reduce the catalyzed rate by 90 
per cent more than 99 8 per cent of the enzyme must be inhibited These results 
agree with Houghton’s calculation that a great excess of the enzyme exists in 
the erythrocytes 

The important conclusions are that thioc 3 mnate at a concentration of 0 05 M 
or less cannot be expected to inhibit the catalyzed reaction at all, and that m 
order to attam 90 per cent inhibition of the catalyzed reaction the sulfanilamide 
concentration must be about 0 0073 M (126 mgm per cent) Thiophene-2- 
sulfonamide will probably produce 90 per cent inhibition at a concentration of 
0.0014 M (26 mgm per cent) . 

The determination of the percentage inhibition of the enzyme m extracts of 
tissues contammg enzyme and inhibitor can give no rehable information as to the 
actual inhibition of the enzymes m the onginal mtact tissue In the absence of 
a direct method for determining the percentage inhibition of the enzyme m 
tissues great caution must be used m evaluatmg the results of inhibition ex- 
periments 

Function in ihe gastnc mucosa Carbomc anhydrase is present m very high 
concentration m the panetal cells of the mammalian gastnc mucosa (23, 24) 
All mvestigators agree that the panetal cells are concerned with the secretion of 
acid, but there is no agreement on the mechanism of acid secretion Hollander 
(64) and Bull and Gray (21) have ably collected and lucidly cnticized most of 
the current theones The reviewer beheves that although the mechamsm of 
acid secretion remains a mystery the rdle of carbomc acid can be shown to be 
entirely independent of the mechanism postulated for the formation of acid. 

Gray and his colleagues (60, 51) have shown that the jmce collected from a 
dog’s gastnc pouch under histamme stimulation is made up of two components 
There is an alkalme, non-panetal secretion which contains 0 133 M chlonde, 
0 033 M bicarbonate, 0 155 M sodium, 0 007 M potassium and 0 004 M calcium 
ions The acid secretion contains 0 166 M chlonde, 0 007 M potassium and 
0 159 M hydrogen ions The acid secretion is m osmotic equilibnum with 
the plasma (44) The water m the gastnc secretion appears passively as the 
result of the secretion of the other components of the juice, and no special mech- 
anism need be postulated to account for its presence (27) The chlonde ions 
are drawn from the blood as a secondary result of the secretion of hydrogen ions 
m order to satisfy the pnnciple of the electncal neutrahty of solutions, for they 
can be largely replaced by bromide ions (35) and to a smaller extent by iodide 
ions (29) while the rate of secretion of acid is unaffected. The presence of po- 
tassium ions has not been experimentally accounted for, but they are not a 
major constituent of the juice Remauung is the secretion of hydrogen lOM o 
be explamed, and the reviewer beheves that no mechanism yet postula is 
adequate to account for their secretion 

No matter by Avhat means the hydrogen ions are secreted the consequen^ 
of their secretion are the same • In order to form a hter of acid secretion e 
gastnc mucosa must mthdraiv one hter of water, 0 007 mol of potassium an 
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0 166 mol of ohlonde from the blood, and it must manufacture 0 169 mol of 
hydrogen ions. The difference between 0 168 mol of chloride and 0 007 mol of 
potassium is 0 169 mol chlondo ions unaccompanied by positive ions which are 
withdrawn from the blood. In order to satisfy osmotio and lomo relations 
another negative ion must be secreted mto the blood to replace the chlondo 
ions. All the evidence denved from the study of the "alltahne tide” of the 
blood during acid secretion and from the study of arterial venous thfferenccs 
(20, 37, 68) pomts to the conclusion that the gastric mucosa replaces chlondo 
with bicarbonate (28) If the bicarbonate is secreted by the mucosa it must 
be formed by the mucosa The bicarbonate doubtless comes from carbon dionde 
produced and hydrated to carbomc aad within the mucosa In fact only 
negligible amounts of carbon dioxide formed m the mucosa dunng acid secretion 
can escape hydration withm the mucosa, for as Gray has pomted out (49) if only 
one twentieth as much carbon dioxide as bicarbonate passes from the mucosa 
to the blood there would be no alkaline tide 

Carbomc add must be formed m amounts exactly equivalent to the amount 
of add secreted, for the amount of chlonde replaced is the amount which ac 
compames the hydrogen ions mto the jmce When the bicarbonate ions pass 
into the blood they leave behind m the mucosa a number of hydrogen ions 
exactly equivalent to those secreted m the juice These hydrogen ions are the 
source of hydrogen ions secreted The reviewer wishes it to be particularly 
dear that he is not suggcstmg that the hydrogen ions of the juice are those 
immediatelj denved from the lomiation of carbomc acid (23) The true 6rst 
loniration constant of carbomc aad is about 3 X 10^ at 38'C (82) The bicar 
bonate concentration in the cells cannot be much higher than that in the venous 
plasma Therefore if the aadity of the juice ivere to be reached by mass action 
the activity of carbomc aad m the cells would have to be about 14 M Hon 
ever, the mechanism secretmg hydrogen ions must use hydrogen ions By 
seorctmg hydrogen ions into the juice the panetal cells would have an internal 
defiat of hydrogen ions This defiat is exactlj filled by the hydrogen ions 
coming from the oniiation of carbonic aad. 

The concentration of chlonde in dog blood is about 0 096 M per kgm water 
(61) If one liter of acid secretion is formed from n liters of arterial blood the 
concentration of chloride in venous blood mil bo (0 096 n — 0 160)/(n — 1) 
mol per kgm ivator The A V difference will bo 0 070/(n — 1) mol jier kgm 
water Smee 0 169 mol of bicarbonate jiaascs into the blood for every liter 
of add jmeo secreted, the bicarbonate A V difference will be —0 169/n — I 
The ratio A (HCOr)/A(Cl“) will bo —2 27 The socmmgly paradoxical con 
dusion IS reached that although lomo equivalence is satisfied the bicarbonate 
concentration of the venous blood rises more than the chlonde concentration 
dccraises. This condusion has been expenmcntally x-enfied (63) The changes 
in concentration wiH be distributed between the plasma and the erythrocytes on 
the basis of the well known equations defimng the cquilibnum conditions of 
blood. It can be shown that the decrease in plasma and cell chlondo and the 
increase in plasma and cell bicarbonate will bo proportional to the concentration 
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initially present The same is true of the water removed to form the secretion. 
As the result of the mcrease of bicarbonate concentration the blood pH will nse 
The me m pH, removmg hemoglobm still further from its isoelectnc point, 
"Will cause the hemoglobm to be more negatively charged There will foUow a 
secondary decrease m the cell chlonde caused by migration erf chloride ions to 
the p l as m a The result will be that the chlonde secretion m the gastric juice 
■will appear to come almost exclusively from the erythrocytes (68) 

The foregomg argument shows that the formation of bicarbonate m the 
gastric mucosa is a necessary part of the secretion of acid It does not show that 
carbomc anhydrase is necessary In the present mcomplete state of knowledge 
of the concentrations of the reactants withm the panetal cell it is impossible to 
calculate exactly the rate of the uncatalyzed formation of carbomc acid, but 
rough calculations show that the uncatalyzed rate may pronde enough carbonic 
acid Eats of average weight of 160 grams have an acid secretmg mucosa 
weighmg 500 mgm (33) The average carbomc anhydrase concentration m the 
mucosa is 2 2 E per mgm , or there is a total of 1100 E per whole mucosa. There 
IS about 17 E per emm of panetal cells (23) The whole mucosa therefore con- 
tains about 65 emm of panetal cells Assummg no catalysis by buffer ions and 
no back reaction, the imcatalyzed rate of the hydration of carbon dioxide at 
38°C IS 0 13 (COj) mols per hter per second (82) The concentration of carbon 
dioxide m panetal cells is probably not much over 0 001 mols per hter The 
minimum uncatalyzed rate of hydration is 0 13 X 10~* mols per hter per second, 
or about 3 X 10“® mols per total volume of panetal cells per hour The average 
rate of gastnc secretion is not over 0 2 ml per hour per 100 grams of rat or 0 32 
ml per hour per total volume of panetal cells (92) The hydrogen ion con- 
centration m this juice is not over 0 16 mol per hter Therefore, the rate of 
acid secretion is not over 5 X 10~® mols per hour This is of the same order of 
magmtude as the rate of the uncatalyzed reaction Considermg the uncertainty 
of the assumptions, it can be tentatively concluded that if carbonic anhydrase 
IB necessary only a small portion of the enzyme actually present is reqmred. lo 
ftTutriRlR such as the frog which secrete acid at a lower temperature there may be 
a greater difference between the rate of the uncatalyzed reaction and the rate 
of acid secretion, for the temperature coeflBcient of the rate of the uncatalyzed 
reaction is large (82) 

The experimental test fails to demonstrate the necessity for carbonic an 
hydrase As stated above, the original claim that the inhibition of gastnc aci 
secretion by thiocyanate is the result of the inhibition of carbomc anhydrase is 
wrong (25) Feldberg, Keilm and Mann (40) were unable to inhibit 
cretion m cats "with sulfanilamide, and similar e'^penments usmg dogs failed 
show an uneqmvocal inhibition (26) Thiophene-2-sulfonamide m a concen 
tration of 25 mgm per cent, enough to inhibit most of the carbonic anhydrase m 
the gastnc mucosa, does not inhibit acid secretion m cats (33) It therefore 
appears that enou^, or almost enough, carbomc acid is supphed by t e im^ 
catalyzed fraction to allow the secretion of acid to be unimpaired by o 
hibition of the enzyme. 
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It dionld be pointed out that the carbonic aad Bystem does not occupy a 
I central pomtioii in the acid aecreting mechanism The fimction of the ^atem 
h to satisfy the osmotic and Ionic requirements imposed bj the fact of the ee- 
ttehon of aad Even if more refined or decisive experiments do show that 
carbemic anhydrase is necessary for the functioning of the system the secretion 
of add ’Will not be explamei 

Carbomo anhydraee is present in celk of surface epithehum and in some 
pyiono ceUa (23) These ceUa aecreto an alknlme ]uice (43), and the eniyme 
niay be a part of the secreting mechanism There has been no ■ftork on the 
mb^ect 

Fmdum tn Ihe nmioua system Aahby (1. 2, 3, 4, 6, 6) has shown that car 
home anhydrase la present in the nervous system of vnnous species in patterns 
which tend to be peculiar to the species There is usuallv a progressive rostral 
mcrease m the carbomo anhydrase content of the tissue, and the ensyme can be 
present m both white and grey matter Her original papers must be consulted 
for details of the distribution Considering the large vanataons m the distri 
hution of the eniryme from one part of the nervous sjTttem to the other and from 
Bpoaes to Bpeaca, the reviewer beUeves that speculation on the function of the 
wnyme m the nervous syst^i should not be entertamed until the cellular locus 
of the eniyme is determined 

The Small amount of work on carbonic anhydrase m the ner\ ous system has 
f^Qcd to demonstrate the necessity for the eniyme As Ashby points out the 
^plete or almost complete absence of the eniyme from the spinal cord of 
hogs ehowB that carbonic anhydrase is not necessary for conduction of the 
nervous impulse or synaptic transmission at the lowest levels This conclusion 
IS supported bj the observations (32) that the excitabiht> of cat pcnpheml 
the rate of conduction of the impulse and the recovery of exatabilitv 
Sfe utterly unaffected by tho presence of sufficient thiophene-2-Bulfonnmidc to 
^ffiibit carbonic anhydr^ by more than 99 9 per cent Spinal reflexes m the 
cat and five different types of electrical activity of the rsbbit^s cottex arc hke- 
unaffected by arrmlftr amounts of the drug The conclumveneea of these 
^^servations is unpaired by the fact that it has been impossible to demonstrate 
that the enzyme Is actually inhibited in the tissues by the percentage calculated 
from the inhibition constant 

The claim (01) has been made that tho action of sulfanilamide upon the resting 
potential of frog sciatic nerve under several experimental conditions la endcnco 
that the reaction catalyred by carbonic anhydrase has an important idle in 
rcamtahnng a polanied state of the axon The complete abecncc of carbomo 
^^ydrase from frog sciatic nerve deprives the argument of much of its cogenej 
f*tmc£um tn the pancr e as The pancreas forma two distmct external secretions 
One IS tho viscid secretion, chated hy pancreoiymln and the \-agnl impulses 
which contains the dlgeeti^o cni>Tnee It has nc\or been suggested that car 
anbydraso is concerned with the fonnation of this juice The other sc* 
crelion is tho alkobno juice elicited by secretin It contains little or no cnxjmo 
activity, and it is isotonic with the blood (9 10) Tho concentrotlons of sodium 
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and potassium are similar to the concentrations of these ions in plasma, and 
experimental variations m the concentration of the ions m the plasma are re- 
flected promptly and quantitatively m the pancreatic jmce (66) These obser- 
vations suggest that the pancreatic cells, unlike most other cells, are completely 
and freely permeable to these ions and that no special mechanism need be 
postulated to explam their secretion m the jmce The concentrations of calcium, 
magnesium and phosphate ions m the jmce are lower than the respective con- 
centrations m tbe plasma, and these ions appear to filter throu^ the pancreatic 
tissue with difficulty (10) The amons of the juice are almost exclusively chlo- 
ride and bicarbonate ions (9) The proportion of the two amons vanes with 
the rate of secretion of the jmce, the bicarbonate concentration becoming higher 
and the chlonde concentration lower as the rate of secretion mcreases At 
maximum rates of secretion the bicarbonate concentration m the jmce is about 
live tunes the chlonde concentration, the ratio of the amons bemg just the 
reverse of that m plasma The secretion of chlonde and bicarbonate must be 
accounted for m any theory of mechanism of pancreatic secretion, and con 
ceivably carbomc anhydrase could be a part of the mechanism 

The question of whether carbomc anhydrase is a part of the mechanism de- 
pends upon the answer to the question concemmg the ongm of the bicarbonate 
m the jmce On one hand it can be postulated that carbon dioxide denved 
from the metabohsm of the pancreatic ceUs is hydrated to carbomc acid with 
the aid of carbomc anhydrase The carbomc acid upon lommtion could fumm 
the bicarbonate of the jmce On the other hand the bicarbonate secreted by 
the gland could be denved entirely from the plasma, the cells of the gland mere y 
effectmg the transfer of the ions from the plasma to the jmce 

The elegant and labonous experiments of Still and his colleagues (99) showe 
that there is mim.nably a decreased A-V carbon dioxide difference when e 
gland first begins to secrete under the stimulus of secretm In fact, ^ ^ 
dioxide m the venous blood may at first be lower than that m the artena o 
As secretion contmues the A-V difference mcreases These observations sugg ^ 
that at first part of the bicarbonate of the jmce comes from the blo^ an 
from metabohc activity of the gland Later, as the metabolism of t e 
mcreases, the mcreased production of carbon dioxide by the gland is more ^ 
enough to supply that secreted m the jmce Ball and his colleagu^ ( 
ever, believe that all the bicarbonate m the jmce is denved from ® 

They injected bicarbonate contammg radioactive carbon mto the 
dogs while coUectmg the pancreatic jmce They found that the ra lo o ^ 
activity m the pancreatic jmce to that m the plasma was almc^ ^ 
to the ratio of the bicarbonate concentrations m the two flmds 
latter ratio was as high as five to one This result, they beheve, proves ^ 
bicarbonate of jmce is denved mainly from the plasma and no activity 
per cent of the bicarbonate m the jmce is denved from the exchoDS® 

of the gland Althou^ there is a remote possibihty that the m 
of the radioactive bicarbonate of the plasma with non-radioac joa- 

formed withm the gland is sufficiently fast to account for the r > 
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elusion must stand until it is disproved On the basis of these and other ob- 
servations Ball and his colleagues have presented a theory of the meehanism of 
pancreatic secretion. This theory is that the pancreatic cells are differentially 
permeable to the lonio constituents of plasma When the pancreas is stimu 
lated to secrete, sodium, potassmm, and bicarbonate ions along with the water 
can freely pass throu^ the cells to enter the pancreatic ducts The chloride 
Ions cannot pass across the cell membranes as rapidly as the other ions and 
consequently, m order to maintam eleotro-neutrality, the bicarbonate ion re- 
places part of the chlondo ion m the juice 

This theoiy is adnuttedly incomplete It has several imphcalions which arc 
difiBcult to accept, one of which is that the only source of energy lor the secretion 
can bo the capillary blood pressure m the gland, and it fails to accoimt for the 
large morease m metabolism occurring dunng secretion Nevertheless, it is 
the only current theory of the mechanism of pancreatic secretion, and it leaves 
no room for carbomo anhydrase. That carbomc anhydmso probably has no 
funebon m the gland is established by the ooroplete failure of sulfanilamide in 
very high concentrations to inhibit the secretion of pancreatic juice or to affect 
Uie concentration of its constituents (100) This negative result, howeier, does 
not constitute proof of Ball's theory, for the uncatalyxed reaction may bo fast 
enough to supply all the bicarbonate necessary if bicarbonate is formed within 
the pancreatic cells 

The effect of thlopliene-2-BuKonaimde on the secretion of the pancreas has not 
been testerL Much work remains to be done on the mechanism of pancreatic 
secretion 

Fxmditm in the kidney The brilliant and definitive wort of Pitts and bis 
colleagues (70, 77, 78) has entirely revised our concepts of the means by which 
the kidney forms amd unne Pitts has shown that the two older theones of 
the mechanism of the formation of acid urme, the bicarbonate renbsorption 
and the phosphate reabsorption theones (00) can account at best for only small 
fractions of the maximfll titratable acidity of the unne The reabsorption of 
all the bicarbonate presented to the tubules can produce onlj 24 per cent of the 
maximum titratable acidity of the unne, and the reabsorption of all the alkahne 
phosphate can jiroduce only 0 jier cent of the titratable aadity In addition, 
Pitts has shown that the rate of reabsorption of phosphate is entirely independent 
of the amd base pattern of the blood and unne, and therefore the differential 
reabeorption of allmllne phosphate is not on acidifymg mechanism The only 
means by which the tubules can form amd unne is to socrote hydrogen ions mto 
the tubular fluid. There is no direct evidence concerning the mechanism of 
acid secretion by tbe tubules. Pitte (76, 78) has suggested that the tubules 
®mhaDge hydrogen ions formed mthin the tubular cells for sodium ions from 
the tubular fluid There is an altcrnabve possibflity that the cells of one section 
of the tubules secrete hydrochlonc acid while a lower section reabsorbs sodium 
and chlondo ions The first suggestion has the advantage of sunplidtj and the 
economy of hypothesis, but no experimental test has yet been devised to distin 
push between the two 
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Carbonic anhydrase is probably a part of whatever mechanism forms acid 
unne The enzyme is present m the kidney cortex and absent from the medulla 
(36) Smce the distal tubules which probably form the acid (73) are m the 
cortex, the enzyme m&y be m these tubules, but this has not been established 
It IS important that the cellular locus of the enzyme be determmed The first 
experimental work on the function of the enzyme m the kidney was done by 
Hober (62) who showed that acid production by perfused frog kidneys can be 
completely and reversibly inhibited by adequate concentrations of a number of 
sulfo nami de drugs having free sulfonamide groups capable of inhibiting carbonic 
anhydrase Irreversible inhibition of acid secretion by one of the drugs he 
employed has not been explamed Related sulfonamide drugs not having 
sulfonamide groups and mcapable of inhi biting carbomc anhydrase have no 
effect on the formation of acid urme by the frog kidney Similar results were 
obtamed m acidotic rats m which it was shown that thiopbene-2-6ulfonamide 
mjected m a dose sufficient to inhibit a large fraction of the carbomc anhydrase 
resulted m a transitory production of alkahne urme while the mjection of the 
same amount of sulfanilamide but m a dose too low to inhibit carbomc anhydrase 
had no effect (33) Pitts (78) has shown that very high blood levels of 
sulfanilamide m dogs adequately studied by clearance methods reduce the 
titratable acidity of the urme However, Pitts has been unable to inhibit all of 
the acid production with sulfanilamide This might be accounted for by the 
facts, discussed m detail above, that sulfanilaimde at even the highest doses 
does not completely inhibit carbomc anhydrase and that the uncatalyzed re- 
action at the tempierature of the mammahan body may provide a sigmficant 
fraction of the carbomc acid required by the kidney tubule 

The early observations (71) that large doses of sulfanilamide result m the 
production of an alkahne urme and that they disturb the acid-base pattern of 
the body (12) are explamed by the effect of the drug on the carbomc anhydrase 
of the kidney 

One may speculate that the mechanism formmg acid m the kidney is the same 
as that formmg acid m the stomach If this be true, the r61e of the carbomc 
acid system m the kidney may be the same as that m the stomach, namely, to 
provide an endogenous source of hydrogen and bicarbonate ions which can sat- 
isfy the lomc and osmotic requirements imposed by the necessity of secretmg 
acid The need for carbomc anhydrase m the kidney and not m the stomach 
may be explamed by the facts that the kidney can secrete acid at a higher rate 
than can the stomach and that m the kidney as m the lungs the rate of flow of a 
flmd through a tube sets a time hmit ivithm which the required senes of re- 
actions must occur 

Functions in other tissues The carbomc anhydrase present m tbe 
of hens (22) appears to have a function m the formation of egg shells The 
eggs of hens to which sulfanilamide has been fed have soft shells almost com- 
pletely devoid of calcium carbonate (13) The formation of the hard s 
of eggs may well depend upon the precipitation of calcium carbonate as t e re- 
sult of a high local concentration of bicarbonate ions resultmg from the loniza on 
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of carbonic acid which in turn depends upon the presence of sufficient carbonic 
anhydrase. 

The fetuses of pregnant rate fed large doees of sulfamlamide or sulfapyridme 
show gross defects in calcification of the bones (14) There must be a cause 
other than the inhibition of carbonic anhydrase, for sulfapyndine is not an 
Inhibitor of the eniyme Both drugs inhibit bone phosphatases (16), and such 
Inhibition is the most likely cause of tiie defects 

No experimental work has been done on the functions of carbonic anhj'drnse 
in fish and invertebrates The eniyme may be a part of the several secretory 
mechanisms which mamtam osmotic equflibnum and the ionic pattern of blood 
in these animals, and some interesting results may be anticipated if work is 
done on this subject 


CONCLUaiONB 

Catbomc anhydrase hrtft been shmyn to play an important and essential rble in 
erythrocytes, the kidney tubules and the shell forming organs of birds Despite 
senoua attempts it has not been possible to demonstrate the necessity for the 
cnxyme m the gastnc mucosa, the pancreas and the nervous system It ma> 
have an important function m other tissues, particularly those of lower a nimals , 
bat no experimental evidence been obtained Much work re m a i n s to be 
done on the functions of the eniyme. 

The reviewer believes that future workeiB on the functions of the ensyme 
nu^t profitably be guided by the mistakes of previous workers These mistakes 
of which the reviewer has contributed his share, have seldom been mistake® of 
fact but rather mistakes of premature speculation based on incorrect assumptions. 

The rovic’ncr bcUovcs that the excesses of speculation and the bitterness of 
much polemical literature could be avoided if several rules were kept m mmd. 
These rules arc 1 on enxyme only speeds the rote at which a reaction attains 
equiUbninn and hag no effect on the ecjuilibnuin 2, whether an eniyme actually 
catalyzes a reaction depends on the presence and concentration of its substrate 
as well as on the presence of the eniyme, 3, tho concentration of an enzyme in a 
particular cell or part of a cell is not evidence for the relative importance of the 
reaction tho enzyme catalyses, and 4, the amount that a catalysed reaction is 
reduced by inhibition or destruction of an enzynm is not necessarily proportional 
to tho degree of inlubition or destruction of the enzyme These mica have fro 
quently been forgotten in research on carbonic anhvdraso, if tbcj can be remem 
bered by future i\orkor8 much of the apparentU fruitless work on carbonic 
anhydrase ■will have eon'od a purpose 
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PREPAHATION AND CHEMISTRY OF ANTERIOR PITUITARY 

HORMONES 


ABRAHAM WHITE 

Department of Physiological Chemistry, Yale University, New Haven, Conn 

The past ten years have witnessed the isolation of six hormones from anterior 
pituitary tissue Each of these has been prepared in a pure or a relatively pure 
form Although there may exist m the secretion of the anterior pitintary addi- 
tional hormonal principles whose physiological effects are as yet undescribed, the 
specific chemical substances which have been isolated account for most of the 
recognized hormonal rdles assigned to the antenor pituitary The elucidation of 
these hormonal functions has come from observations of 1, the physiological 
effects of extirpation of the antenor pituitary gland, 2, the amehorative effects 
resultmg from mjection of antenor pitmtary tissue extracts mto hypophysecto- 
mized animals, 3, the results produced by mjections of excess of the gland's 
secretions, m the form of extracts, mto the normal animal 
The apphcation of these methods of research hns disclosed the diverse types of 
physiological activity which are under hormonal control of the antenor pituitary 
gland The isolation of six mdividual chemical substances has been a develop- 
ment of the phjisiological studies, and it has been demonstrated that each of the 
isolated products will restore m the h 3 T)ophysectomized animal at least one of the 
physiological processes whose rate was greatly retarded as a consequence of 
hypophysectomy It is true that some of the effects produced by crude pitmtary 
gland extracts, e g , the so-called diabetogemc and glycostatic actions, have not 
as yet been reproduced with any one of the highly purified products However, 
earher studies with partially punfied growth hormone suggested that this 
pnnciple may be the regulator of processes responsible for the diabetogemc (122) 
and glycostatic (79) phenomena The restoration of a hypophysectomized 
animal to physiological normalcy by administration of smtable quantities of each 
of the Six punfied hormones has not yet been descnbed Until this is done, it is 
not possible to state imequivocally whether the six isolated prmciples represent 
the total number of hormones normally pfroduced by the antenor pituitary gland, 
Qr whether some as yet unrecognized antenor pitmtary hormone remains to be 
defined m physiological and chemical terms 
The antenor pitmtary hormones which have been isolated m punfied form are 
mdicated below, and are given the name most commonly apphed to each of these 
substances m the hterature In parentheses are mdicated some of the diverse 
names which have been used by vanous mvestigators to descnbe these antenor 
pitmtary prmciples 

1 The lactogenic hormone (prolactm, galactm, mammotropm) This hormone 
initiates the secretion of milk m the mammary gland which has previously 
hypertrophied as a result of mcreased circulatmg estrogen Prolactm also 
influences the functional activity of the corpora lutea, and may have a synergistic 
effect with estrogens on mammary gland development 
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2 The adrawiropktc hormone (adrenotropio honnone, adrenotrophm, adrcno- 
troptn, adrenocorticophin, adrenooorticotropm, corticotropin) This hormone 
exerta a trophic influence on the adrenal cortex, etimulatmg the nccietlon and 
growth of this cndocrme ^nd 

3 The growth hormone which controls the rate of skeletal growth and gam in 
body weight Acceleiation of processes concerned with normal growth is seen 
when excessive amounts of this hormone are administered to the noimal organism 
and results m enlarged skeletal etniotures and oxcessivo wei^t increments 

4 The thyrobvphte hormone (thyrotropic hormone, thyrotrophln, thyrotropin/ 
which exerts a nonnol trophic influence on the thyroid gland Administration 
of the hormone causes disappearance of the thyroid colloid, the thyroid epithel 
him becomes hyperplastic, alveolar cavities collapse and mitobo figures appear 
in large numbers m the thyroid gland 

6 The/oUiele titmulaimg hormone (F8H, gametogenio hormone, gametokmotio 
hormone, thylakentnn, prolan A, gonodotrophm I) This pnnciple causes the 
growth of Graafian folhcles preparatoiy to the release of ova, and stnniilates the 
sperm-forming tissues of the testes 

6 The lulemmng hormone (LH, interstitial ccU-stimulatmg hormone, ICSH 
motakentnn, prolan B, gonadotrophm IT) This hormone causes the formation 
at corpora lutea from preformed Qraafin folholes, and stimulates the interstitial 
cells of the Ovanes or testes 

The discussion which foUoira will deal chiefly with the preparation, isolation 
and chemistry of the antenor pituitary hormones In order to charaotonio the 
degree of purification acJuev'cd by various fractionation procedures, and to ev olu 
ate the concentration of physiological activity effected it will bo necessary to 
deseribo bnefly the bioassay methods most commonly used in purification 
studies of each of the hormones In referring to oertam of the pitmtary prmci 
pies, the endings trophic or trophm, rather than tropic and -tropm, respect- 
ively, have been used m this review Tho reasons for this choice have been 
carefully considered by Corner (39) and accepted by the Association for the 
Study of Internal Secretions 

The earhor efforts to extract and concentrate the active pitmtary principles 
have been adequately described by Van Dyke (102) It wiU be the purpose of 
this review to present for each of the pituitary hormones a brief description of 
tho prmtapal methods of bloaasay, tho more important contnbutions to the 
problem of purification and isolation, an outline of the methods by which isola- 
tion of a highly purified preparation has been achieved, and the data obtained 
from physical and chemical studies of the final products 

The problems relating to tho chomistiy of antenor pitmtaiy hoimoncs are 
essentially problems of protein chemistry, smcc each of tho purified hormonal 
principles appeals to bo a protein The methods of fractionation, isolation and 
chaiaotorixatiaa of these hormones are, therefore, the methods of protem ro- 
Bcarchcs Moreover, at this time it may be concluded that each of tho active 
products is not an artifact or split product of a “macromoleculo” of which each 
hormone rm^t bo a component p^ion This view o supported by tho isola 
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The past ten years have witnessed the isolation of six hormones from anterior 
pituitaiy tissue Each of these has been prepared m a pure or a relatively pure 
form Although there may exist m the secretion of the anterior pituitary addi- 
tional hormonal principles whose physiological effects are as yet iindescnbed, the 
specific chemical substances which have been isolated account for most of the 
recognized hormonal r61es assigned to the antenor pitmtary The elucidation of 
these hormonal functions has come from observations of 1, the physiological 
effects of extirpation of the anterior pitmtary gland, 2, the amehorative effects 
resultmg from mjection of antenor pitmtary tissue extracts mto hypophysecto- 
mized animals, 3, the results produced by mjections of excess of the gland’s 
secretions, m the form of extracts, mto the normal animal 
The apphcation of these methods of research has disclosed the diverse types of 
physiological activity which are under hormonal control of the antenor pituitary 
gland The isolation of six mdividual cheimcal substances has been a develop- 
ment of the physiological studies, and it has been demonstrated that each of the 
isolated products will restore m the hypophysectomized animal at least one of the 
physiological processes whose rate was greatly retarded as a consequence of 
hypophysectomy It is true that some of the effects produced by crude pituitaiy 
gland extracts, e g , the so-called diabetogemc and glycostatic actions, have not 
as yet been reproduced with any one of the highly purified products However, 
earher studies with partially purified growth hormone suggested that this 
prmciple may be the regulator of process responsible for the diabetogenic (122) 
and glycostatic (79) phenomena The restoration of a hsqiophysectomized 
animal to physiological normalcy by administration of smtable quantities of each 
of the SIX punfied hormones has not 3 ^t been descnbed Until this is done, it is 
not possible to state uneqmvocally whether the six isolated prmciples represent 
the total number of hormones normally produced by the antenor pitmtary gland, 
pr whether some as yet unrecognized antenor pituitary hormone remains to be 
defined m physiological and chemical terms 
The antenor pitmtary hormones which have been isolated m punfied form are 
mdicated below, and are given the name most commonly apphed to each of these 
substances m the hterature In parentheses are mdicated some of the diverse 
names which have been used by vanous mvestigators to descnbe these antenor 
pitmtary prmciples 

1 The lactogenic hormone (prolactm, galactm, mammotropm) This hormone 
imtiates the secretion of milk m the mammary gland which has previous y 
hypertrophied as a result of mcreased circulatmg estrogen Prolactm a o 
influences the functional activity of the corpora lutea, and may have a synergis ic 
effect with estrogens on mammary gland development 
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2 The adrenotropMc hormone (adrenotropic honnone, ndrcnotrophm, adrono- 
tropin, adrenocorUcophin, adrenocorticotropm, cortiootropm) This hormone 
erartfl a trophic influence on the adrenal cortex, atimulatmg the secretion and 
growth of this endocrine gland 

3 The growlh hormone which controls the rate of skeletal growth and gain in 
body wei^t Acceleration of processes concerned with normal growth is seen 
when excessive amounts of this hormone are administered to the normal organism 
and results m enlarged skeletal structurea and excessive weigjit increments 

4 The thyrotrophxc hormone (thyrotropic hormone, thyrotrophm, thyrotropm/ 
which exerts a normal trophic influence on the thyroid gland Administration 
of the hormone causes disappearance of the thyroid colloid, the thyroid epithel- 
ium becomeB hyperplastic, alveolar cavities collapse and mitotic figures appear 
m large numbers m the thyroid gland 

6 The fottide-tUmvlalmg hormone (F8H, gametogenio hormone, gnmetokmotic 
hormone, thylakcntrm, prolan A, gonadotrophm I) This principle causes the 
growth of Qiaafian folhcles preparatory to the release of ova, and stunulates the 
sperm forming tissues of the testes 

6 The hdemmng hormone (LH, mteratitial cell-stimulating hormone, ICSH, 
metakentrm, prolan B, gonadotrophm II) This hormone causes the formabon 
of corpora lutea from preformed Qraafin foUioles, and stimulates the interstitial 
cells of the Ovanes or testes 

The discussion which foIlowB will deal chiefly with the preparation, faolabon, 
and chemistry of the antenor pituitary hormones In order to oharactenie the 
degree of punfleation achieved by vanous fractionation procedures, and to evalu 
ate the concentration of physiological acUvity effected it will bo necessary to 
describe bnefly the bioassaj methods moot commonly used In purification 
studies of each of the hormones In referrmg to certam of the pituitary princi 
pies, the endmgs trophic or trophln, rather than -tropic and -tropin, respeot- 
hrely, have been used in this review The reasons for this choice have been 
carefully considered by Comer (39) and accepted by the Association for the 
Study of Internal Secrebons 


The earlier efforts to extract and concentrate the active pitiutary prmdples 
have been adequately described by Van Dyke (162) It will be the purpose of 
this review to present for each of the pihulary hormones a brief desonptlon of 
the principal methods of bloassay, the more important contributions to the 
problem of purification and isolahon, an outhne of the methbds by which isola 
tlon of a highly purified preparabon has been achieved, and the data obtained 
from physical and chemical studies of the final products 
The probleiM relatmg to the chemrstiy of anterior pituitary hormones are 
cssenti^y problems of protein chemistry, smee each of the purified hormonal 
prmciplcs ai^ to te a protem The methods of fractionation, isolation and 
ohanic^Uon of the* hormones are, therefore, the methods of protem re- 
Moreover, this tiiM it may te excluded that each of the active 
products m not ^artifact or split product of a 'Trucrer-mle'' of which^ 

hormone might tea component portion , ' ; 0 rfed “.2 
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tion of identical protein hormones by use of different methods of fractionation in 
vanous laboratones, and by the physiological evidence of variations m the rate 
and the control of secretion of the mdividual hormones of the antenor pitmtarv 
gland 

The Lactogenic Hormone T*he capacity of extracts of the antenor pitmtary 
gland to mitiate and mamtam lactation was first demonstrated by Stncker and 
Grueter (158) m 1928 These observations have been confirmed and extended 
by numerous mvestigators, and the data have also been reproduced ivith highly 
purified preparations of lactogenic honnone (66, 134, 137, 160) 

Methods of assay The methods of assay generally employed for the lacto- 
gemc hormone may be classified mto two groups 1, lactation or mammaiy gland 
methods, based upon the abihty of prolactm to initiate lactation m the estrogen- 
stimulated mammary gland of the hypophysectomized animal, and 2, crop-sac 
or cropi-gland methods The latter are based upon the observation made m 
Riddle’s laboratory (137) that when extracts contaimng the lactogemc hormone 
are administered mtramuscularly to young pigeons, there occurs a proliferative 
hypertrophy of the crop-sacs This hypertrophy may be limited experimentally 
to only a small area of crop-sac m the pigeon by mjectmg small doses mtrader- 
maUy directly mto the skm overlymg the gland (121) The portion of the crop- 
sac stimulated by the mtracutaneous techmque is that directly under the site of 
mjection This method has a high degree of sensitivity, approximately one- 
thousand times that of the intramuscular assay (117, 118), and is therefore useful 
for detectmg small quantities of prolactm However, when adequate quantities 
of the lactogemc hormone are available for assay, the mtramuscular injection 
method has been used smce it appears to give more reliable and reproducible 
results (11, 66, 67, 118, 119, 137, 165) 

Extraction and purification of prolactm The relative stabihty of the lactogemc 
honnone to chemical reagents has made it possible to extract this principle from 
antenor pituitary gland tissue by a vanety of procedures These methods have 
been apphed either to mmced, fresh pituitary tissue or to acetone-desiccated 
pituitary glands Three types of extraction media have been employed* 1, 
aqueous, or aqueous-alcohol, alkahne extraction, 2, aqueous, or aqueous-ace- 
tone, acid extraction, and 3, chloroform extraction Beef and sheep pitmtary 
glands have been most extensively used for the preparation of prolactm There 
are few data on prolactm from the pitmtanes of other species 

Bergman and Turner (17) made a careful study of four methods frequently 
employed for the extraction of the lactogemc honnone These methods differed 
m their imtial extraction procedure One employed aqueous, alkahne extraction 
at low temperatures (74) , a second was an acid, aqueous acetone procedure (120) ; 
the third mvolved extraction with glacial acetic acid (131), and the fourth used 
alkahne, aqueous alcohol (13) It was found that an alkahne 60 to 70 per cent 
ethanol extraction procedure was supenor as judged by both total yield of pro- 
lactm and physiological activity per milhgram of extracted sohds 

Extraction of pitmtary tissue with alkahne solvents, however, removes no 
only more of the lactogemc honnone but also of other pituitary proteins, in 
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cludmg other honnonea and non-honnonol proteins Therefore, 1911116 an aUcaline 
extract a exceedingly useful aa a means of obtainmg a rather complete mixture 
of the pituitary hormones, the presence of all the active prmaples makes more 
difficult the aeparation m pure form of a particular protem hormone This 
difficulty is oiroum vented m either the aad or the chloroform extraction methods 

Extraction of prolactm by acid solvents ivns suggested in 1933 by Lyons and 
Catchpole (120), who used acid acetone Two years later, glacidl acetic add 
was employed by MeShan and Turner (131) The atad acetone techmque has 
been used by many mveatigatore, smee it yields an extract contahung significant 
quantities of prolactm which is relahvely free of other pitmtary proteins One 
major contaminant is the adrenotrophie hormone from which separation a 
readily effected Thus the same extraction procedure is useful as an mitial step 
in the isolation of adrenotrophin Mmced fresh pituitary tissue (either anterior 
lobes or whole (^ands) is extracted with approximately 60 to 80 per cent acetone 
which has been addified with concentrated hydrochlono acid The final pH of 
the tiasuc-holvent mixture is between IJ) and 2J0 Removal of the tissue and 
raising the acetone concentration of the extract to appraxunately 90 to 92 per 
cent resulta in the precipitation of the onido prolactm. The procedure was 
originally described briefly by Lyons and Catchople (120) and by Lyons (117) 
and has ames been presented b detail (111, 118, 165, 167) 

Purification of the crude prolactm may be achieved b several wajra Extrec 
tlcm with water separates the water soluble hydrochloride of the hormone from 
an insoluble residue (165, 167) Addition of acetone to 92 per cent concentration 
precipitates the prolactm At this stage the product is a mixture of several 
proteins One is prolactm, a second protem is the adrenotrophie hormone, 
another is a protem insoluble at pH 6 6, and a fourth component is a protem 
wbch IS very soluble over the entire pH range Solution of the crude jirolactm 
at pH 8X), and adjustment to pH 6 6m the presence of 0f)5 saturation with 
ammomum sulfate removes the pH 6 6 insoluble proteb From the supernatant, 
purified prolactm may be obtabed by adjustment to pH 5 4 Further purifica- 
tion is obtained by rejietition of this fractionation procedure This method of 
purification (165, 167) yields a product of maximum physiological activity and 
with physical and chemical properties similar to those found for crystalhne 
prolactm preparations (165,167) and for purified, amorphous products (111, 118) 

Satisfactory purification of crude prolactm has also been achieved (111) by 
talong advantage of the differences m solubflity between the lactogenic and 
adrenotropbc hormones nt pH 3 0m the presence of 036 molar sodium chlonde 
Under these conditions, the lactogenic hormone is precipibted, whereas adreno- 
trophm remains b solution Further purification of prolactb is achieved by 
precipitation at its isoelectric pomt (pH 5 7) and repetition of the pH 33 — 
sodium chlonde procedure 

Lactogemo preparations with maximum potency have also been obtained 
by punfication of extracts bitblly made by extraction of fresh, groimd pitmtancs 
With chloroform (144) This procedure was developed b an nttcmjit to circum 
vent the troublesome overiappmg of honnone oTiMiintfrpft in other 
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methods, thus makmg more difficult the preparation of the honnones m pure 
form The chloroform techmque offered the possibility of fractionatmg the 
startmg matenal m such a way that a preparation of several hormones from one 
batch of glands might be readily achieved Sevag (146) had successfully used 
chlorofonn precipitation of proteins from aqueous solution m the purification of 
polysacchandes When ground, whole pitmtanes were shaken with chlorofonn 
at a pH of 6'to 6 and the mixture subsequently centrifuged, three distinct layers 
were formed The lowest consisted of chloroform, m which most of the hpid 
substances of the tissue were present The layer above the chlorofonn was a gel 
which ciSitamed the bulk of the tissue proteins, together with prolactm and 
adrenotrophic hormone In the top clear aqueous solution were found 
thyrotrophm, gonadotrophins, pitmtrm, and other easdy soluble substances 
The lactogemc hormone was obtamed from the chlorofonn gel by extraction with 
acid methanol and fractionation with sodium chlonde The yield of punfied 
prolactm was approximately ten times that obtamed by previously descnbed 
techmques 

From highly punfied prolactm preparations, a crystallme protem has been 
obtamed (165, 167, 168) with properties mdistmguishable from those of the 
amorphous preparations of the hormone The procedures descnbed for the 
crystallization of the protem are apparently not satisfactoiy smce they have not 
been uniformly reproducible Although crystallization of prolactm has been 
accomplished in one laboratory (143), lack of success has been reported m 
another (12) Further careful study should lead to a more satisfactory method 
of preparing not only crystallme prolactm, but certain other of the antenor 
pitmtary hormones m crystallme form While crystallmity is not m itself an 
adequate cntelion of punty of a protem, crystallization techmques are often 
useful as an aid m achievmg further purification of proteins 

Properties of prolactin Preparations of prolactm from both beef and sheep 
glands have been descnbed which satisfactorily meet the cntena at present 
available for estimatmg the degree of punty of proteins (148) The most 
exactmg of these cntena are electrophoretic and ultracentnfugal homogeneity, 
and satisfactory accord with the Gibbs phase rule m solubility behavior 

The electrophoretic behavior of punfied prolactm preparations from both 
sheep and beef pituitary glands has been studied by Li, Lyons and Evans (99, 
100) and by Li, Simpson and Evans (111) The electrophoretic properties of 
crystallme prolactm from beef pitmtary glands have been exammed m the 
Tisehus apparatus by Shipley, Stem and White (150) and by White, Bonsnes 
and Long (167) The ciystalhne preparation has also been studied by the 
cataphoretic techmque (167) based upon measurement of the electrophoretic 
mobihty of rmcroscopicaUy visible quartz particles coated with an absorbed 
layer of protem The data obtamed show that the lactogemc products from 
beef and sheep pitmtary glands are mdistmguishable m their electrophoretic 
behavior and have an isoelectnc point at pH 5 7 However, a difference has 
been observed (100, 102) m the solubihty behavior of prolactm prepared froin 
beef glands as compared to the product obtamed from sheep tissues, smce, at 



ANTERIOB PlTtJITAKV HOBMONE8 


679 


the same pH and aaH. concentration, the beef laotogemc hormone vras leas eoluble 
than the preparation from sheep gbnds Indeed, it was reported that if solid 
sheep hoimone was added to a saturated solution of the beef hormone, the former 
went mto solution The greater insolubihty of beef prolactm was attributed in 
part to its higher tyrosme content sbee the beef lactogenic product contained 
6 7 per cent tyrosine whereas the sheep product has 4^ per cent of this ammo 
acid (104) Fleischer (66) has studied the solubility of prolactm m organic 
solvents and shown that at a pH below its isoelectno pomt the hoimone is highly 
soluble m 095 per cent methanol and m 05 per cent ethanol 
At the present time there is some difference of opmion regardmg the molecular 
weifht of the lactogenic hormone This difference apparently does not depend 
on the species from which the hormone was prepared. White, Bonsnes and Long 
(167) found a sedimentation oonstant of 25 S for prolactm Assuming a spherical 
shape for the molecule, this sedimentation constant mdicated an approximate 
molecular wel^t of 36,000 for the protein hoimone The same sample of pro- 
lactm Was examined Independently mthe laboratory of Prof J W Wilhams, 
at the Dniveisity of Wisconsm The values reported (167) were 2 05 S for the 
sedimentation constant, 75 X 10^ for the diffurfon constant, and 32,000 for the 
molecular weight On the other hand, osmotic pressure measurments (104) 
have indicated a molecular weight of appromnately 26,000, and diffusion 
(smtared glass membrane) and viscosity measurements assigned a molecular 
weight of 22,000 to prolactm (91) From the two sets of data, the calculated 
dissymmetiy constants (f/ft) aro 157 and 129 (91) The optical rotation of 
prolactm has also been established (91) The more important physical-chemical 
properties of prolactin are compiled m table 1 
The differences in the molecular weight which have been reported for prohotin 
are difficult to reconcile On the basis of the sulfur and tryptophane contents 
(see below) of the lactogeme hormone, the calculated minhnBl molecular 
weif^ts are in better agremnent with the higher than the lower molecular weight 
values which have been reported for prolactm 
The ultraviolet absorption spectrum of prolactin (170) is typical of that found 
(40, 89) for a number of proteins that aro free of non amino acid residues which 
absorb m the region of 2500 A° to 3000 A° The broad band with a miun m ii m 
at 2800 A° 13 evidence for the presence of aromatic amino acids m prolactin- 
The elementary composition of prolactm Is typically that of a protem It 
contains 105 per cent mtrogen (165) and has a relatively high sulfur content, 15 
(104) to 25 (167) per cent On the basis of its sulfur content, a minimal molec- 
ular weight of approihnately 10,000 may bo calculated. Qualitative testa for 
phosphorus, carbohydrate, and sulfhydryl groups arc negative The ammo acid 
composition has not as yet been extensively studied The cystme content has 
been reported as 35 (68, 104) 3 1 (92) and 3 4 (167) per cent, and a value of 45 
per cent was found (92) for methionme Within the himts of exponmontai error, 
the cystine and methionme contents of both beef and sheep laotogemc hormones 
are the same and account for the total sulfur m the hoimone Other amino 
acid values reported aro argmmo, 85 per cent (104), tryptophane, 15 per cent 
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(101, 167), and 2 5 per cent (104), and tyrosine, 5 5 per cent (167) and 6 7 per 
:!ent (101, 104) for the beef lactogenic hormone The values reported for the 
hormone from sheep pituitanes were sunilar with the exception of that for tyro- 
nne, which was found to be 4 5 per cent (101, 104) The difference m tyrosme 

TABLE 1 

Some •physical-chemical properltes of prolactin* 

Solvbiltiy 

In 0^57 M NaCl at pH 2^ 

0%06 g /I (sheep) (102) 

0 316 g /I (beef) (102) 

Tsoeleetnc point 

pH 5 60 (160) 
pH 6 65 (166, 167) 
pH 6 70 (99) 
pH 6 73 (100) 

Molecular iseight 

From osmotic pressure, 26,600 (104) 

From diffusion and viscosity, 22,000 (91) 

From sedimentation-diffusion, 32,(KK) (167) 

Diffusion constant (Diow) 

Sintered glass membrane, 9 0 X 10“’ (91) 

Free diffusion, 7^ X 10“’ (167) 

Partial specific volume (Vi), 0 721 (91) 

Viscosity coefficient — 1^1000/cVi^, 6 65 (91) 

Dissymmetry constant (f/fo) 

Viscosity data, 1J29 (91) 

Sedimentation-diffuaion, 1 37 (91) 

Optical rotation 

[ajNa „ _4o 5* (91) 


* The numbers in parentheses are bibhography references Except for solubility dif- 
ferences between beef and sheep prolactms, the other physical-chemical properties appear 
to be independent of species source of the hormone 

content of the hormones from the two species, and the difference m solubihty, 
mentioned previously, are the only dissnnilanties which have as yet been estab- 
lished m comparisons of the beef and sheep lactogemc hormones Despite these 
detectable physical and chemical differences, the hormones from beef and sheep 
pitmtanes are unmunologically mdistmguishable (19) 

There is good agreement among the data for the ammo acid composition of the 
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lactogenic honnones prepared m different laboratonea, with the deception of the 
tryptophane values A tryptophane content of 1^ per cent waa obtained when 
analysis was conducted on ccanpletcly hydrolysed prolactin (101, 167), a 
higher value of 2A per cent was found by a glyoxyhc acid method (147) applied 
to the intact protein. Brand (34) has confirmed the lower tryptophane \alue 
by finding 1 2 per cent of this amino acid m a preparation of prolactm supphod 
by the wnter The procedure employed in Brand’s laboratory nos a photo- 
metric technique (25) based on the method desenbed by Lugg (110) The data 
obtamed from ammo acid anoljaia of prolactin are assembled m table 2 
EffKi of phyncal and chemuxi agents on proIacUn a Heat and pH Earlier 
studies (137) of the heat stabihty of prolactin suggested that the hormone waa 
relatively thermostable when heated in a boihng water bath for one hour at pH 
7S) to 8D, hut less stable at other pH values However, the reported relative 
heat stabihty of the lactogenic hormone, as m the case with other biocatalytically 
active proteins, may be influenced by a vanety of factors The presence of other 

TABLE S 

Some amino ac%d analyns of protactin* 


S i% (107), 8 7% (101, 104) 

4 8% (101 101) 

1 2% (24) 18% (101 167), 2 6% (104) 
8 0% (83 104) 3 1% (02), 8 4% (167) 

4 8% (92) 

The nombera In parentheeee are bibliography referencaa Except for Indicated differ 
encea in tyroeine contente beof and eheep prolactlna appear to have the aame percentagea 
of the other amino acids which hare been studied 

proteins may result in an mcreased resistance of each of the proteins m the 
mfacture toward labiliimg agents Moreover, the concentration of protein and 
morgatuo electrolyte and the pH of the solutions examined may influence the 
nature of the data obtained Experiments with purified prolactm (107) mdicated 
that this hormone may be classed as a hcat-labile substance Destruction of 
hormonal activity by heat proceeded most rapidly in solutions more alknhne 
than pH 11 0, and exposure of a 0B4 per cent solution of prolactin to 1(X) degrees 
rentigiade for 30 mmutes resulted In considerable loss of biological activity over 
the entire pH range In alknhne solution, this hcnt-IabUity is accompanied by a 
•phtting of labflc sulfur from the hormone, a significant degree of hydrolysis of 
the prolem occurs at elevated temperatures in either acid or alkalmo medium 
b Hydrolysis The hydrolysis of prolactm with boihng 20 per cent hydro- 
ohlono add gave (107) an hydrolysate which retained no evidence of laqto^ic 

scUvity oven when assayed at levels approxnnately 400 times that ri' ° 

produce a physiological reaponso with the unhydrolyzi^ ,3 

«ilh pepsm or trypsin also resulted m rapid martiration of 5, 


Tyitnine 

proUotin 
Bhaep prolftctin 
Tiyptophano 
Cystma 
KUthionlne 
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occurred before there had been hydrolysis of the protein into fragments which 
were no longer precipitable by tnchloroacetic acid 
c Denaturing agents Li, Lyons and Evans (103, 104) and Li (91, 93) have 
studied the effects of urea and of a commercial detergent on the properties of 
the lactogemc hormone Usmg viscosity measurements as an mdex of altera- 
tions m the physical state of the protein, it was demonstrated that, m the pres- 
ence of 3 0 molar urea, the relative viscosity of the lactogemc hormone is greatly 
mcreased However, osmotic pressure studies revealed that the hormone does 
not dissociate m 6 66 molar urea solution Unfortunately, it was not possible 
to determme the biological activity of the hormone m urea solutions, but after 
removal of the urea by dialysis, the physiological activity was found to be the 
same as that noted before urea treatment In the case of urea, therefore, it 
was not possible to establish uneqmvocally whether the denaturatmg agent also 
affected physiological activity Similar mcreases m viscosity of solutions of the 
protem were also produced with solutions of detergents, a distmct lowering of 
the biological activity of the hormone resulted The reversibility of these 
alterations could not be assessed, smce efforts to remove the detergent from the 
protem were unsuccessful Inasmuch as the biological activity of prolactm 
appears to depend m part on the presence of mtact phenohc hydroxyl and 
unsubstituted ammo groups m the molecule (see page 683), the loss of lactogemc 
activity m the detergent studies might have been due to mteractions between the 
detergent and either or both of these groups 
d Action of keiene Ketene has been widely employed as a reagent for 
examinmg the effect of substitution of a protem’s free ammo groups and the 
phenohc hydroxyl groups of tyrosine on the activity of proteins which exhibit one 
or another type of biocatalytic or physiological behavior Acetylation of protems 
with ketene has the advantage that the reaction may be conducted under con- 
ditions (aqueous solutions and low temperatures) which do not alter appreciablj 
the native state of the protem It has been generally assumed that ketene effects 

a degree of selective acetylation m the case of most protems, smce ammo groups 
have been reported to react much more rapidly than do hydroxyl groups (18, 80, 
81, 167) However, it should be emphasized that mvestigations of the reaction of 
protems with ketene have concentrated attention on measurements of the de- 
gree to which free ammo or phenohc hydroxyl groups have been substituted, 
and have ignored completely the possible acetylation of ahphatic hydroxyl 
groups present m certam ammo acids, i e , serme and threonme Inasmuch as it is 
unknown at the present time whether these two ammo acids have a r61e in 
detennmmg the biocatalytic activity of certam protems, the results obtamed 
by the use of ketene as an acetylatmg agent and by the measurement of the 
degree of substitution of ammo and phenolic hydroxyl groups are not possible of 
mterpretation solely m terms of the contnbution of these groups to the activity 
of the protem Although data and conclusions obtamed from studies of the 
mactivation of protem hormones by ketene will be presented m this review, m no 
smgle case has the action of ketene been shown to be limited only to those 
protem groiipmgs whose biological importance is being assessed 
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In a preliminaty report L5, Simpson and Evans (106) observed that the 
treatment of prolaotm with ketone at 20 degrees centigrade for 6 minutes re- 
sulted m acetylation of all the free amino groups of the hormone and a complete 
loss of physiolo^cal activity It was not demonstrated that substitution of 
groups other than free ammo groups had not occurred These additional data 
seemed necessary, smce proteins may differ m the reaction rates which different 
groups m the molecule may exhibit with ketone Indeed, m a recent complete 
publication, Li and Kalman (98) have observed that the reaction of prolaotm 
with ketene proceeded m an imexpcoted manner The acetylation of up to 20 
per cent of the phenoho hydroxyl groups of tyroame residues m prolactin was 
reported to have occurred without acetylation of any free ammo groups m the 
protem This type of protem substitution could bo achieved by treatment with 
ketene for three mmutes at pH 7 0m phosphate buffer, the product obtamed 
exhibited the full biological activity of the original prolactin Under these 
conditions, therefore, ketene appeared to react with the phenolic groups of 
tyrosme residues m the Isctogemo hormone molecule more rapidly than with the 
ammo groups On the other hand, in acetate buffer at pH 4 0, the extent of acet- 
ylation of both amino and phenolic groups after five mmutes of treatment was 
practically identical, 36 per cent of each typo of gronpmg bemg acotylatcd- 
Thls product had orfy one fifteenth the biological activity of the unacctylated 
hormone In other preparations in which 70 per cent of the ammo groups and 
70 per cent of the phenoho hydroxyl groups wore acetylatcd, the biological 
activity was reduced to almost the va nishing pomt The authors concluded that 
the decrease in crop stimulstmg potency of the acetylated products was due to a 
substitution of the free ammo groups of the protem hormone This conclusion 
that the ammo groups are essential for tho biological activity of tho hormone was 
given further support by the demonstration that hydrolysis of the phenolic 
oxygen-acetyl groups m the acetylatcd, inactive protem under conditions known 
not to inactivate tho lactogenic hormone (pH 11 for 10 imn ) did not restore 
the biological activity This would be tho expected result if tho decreased 
potency of acetylated prolaotm preparations was unrelated to tho degree of 
involvement of the tyrosine residues of the molecule, but dependent solely on tho 
free amino groups 

c Adion of other agents primarily ajffeeitng amino groups Prolactin has been 
treated with a number of reagents which chiefly affect tho free amino groups of 
the protem However, m tho caso of nimost each of these reagents, adequate 
data have not been presented to establish that only free ammo groups have been 
altered by the reagent employed Tho data, therefore, must again bo mter 
preted with a considerable degree of reservation Lactogeme activity was 
destroyed by treatment with sodium ratnto, formaldehyde, bcnioyl chloride or 
by diasotixnflon (126) Groups other than free amino groups were undoubtedly 
involved in these reactions Treatment with mtrous acid at low temperatures 
also resulted in complete mactivation of tho hormone (105) Even at low tem 
peratures, however, alterations other than deamination of the free a mi no groupe 
occur when protems react with mtrous acid (171) 
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Treatment of prolactin with phenyhsocyanate at low temperatures yielded a 
phenylureido denvative which had only about 10 per cent of the biological 
activity of the onginal honnone (23) The specificity of phenyhsocyanate as a 
reagent for only the free ammo groups of proteins has been senously questioned 
(132) 

f lodtnaiion The effect of lodination on the biocatalytic activity of vanous 
proteins has >been employed as an approach to determimng the contnbution 
which the tyrosme residues of the protem make to the specific activity How- 
ever, these studies have not given adequate consideration to other types of 
reactions which may also occur when proteins are treated with lodme Changes 
m the protem of an oxidative nature may ensue, as may the lodmation of protem 
groupmgs (15) other than the aromatic nuclei of the tyrosme residues The 
reaction of prolactm with lodme has been studied m some detail by la, Lyons 
and Evans (103) lodmation m phosphate buffer of pH 7 0 at 20 degrees cen- 
tigrade for one hour resulted m an mtroduction of lodme mto the phenohc por- 
tions of the tyrosme residues of prolactm, with an accompanymg complete loss 
of hormonal activity 

g Effect of thtol compounds The reducmg action of thiol compounds on 
prolactm produced a varymg degree of inactivation, dependmg on the extent 
of reduction (72) Treatment of a solution of prolactm with a 40-fold concentra- 
tion of cysteme transformed the hormone mto an insoluble protem which, when 
redissolved under conditions which prevented autoxidation, was as biologically 
active as the untreated hormone However, when a 200-fold quantity of cysteme 
was employed to reduce prolactm, mactiAration occurred Thioglycohc acid 
was approximately 60 times more effective than cysteme m causmg inactivation 
of the lactogemc hormone 

In summanzang the data on prolactm, it is evident that the punty of the 
hormone has been established by satisfymg the cntena usually employed m 
studies of protem punty There is no evidence for the presence m the molecule 
of residues other than ammo acids The physical-chemical properties of pro- 
lactm have been rather well characterized, and a few analytical data for ammo 
acid composition are available The hormone is a heat labile protem, rapidly 
inactivated by mild hydrolysis or by reagents which have been assumed to affect 
chiefly the free ammo, or disulfide groups of the protem Although acetylation 
of the phenohc hydroxyl groups of the tyrosme residues has been reported not to 
flimimHh the biological activity of prolactm, lodmation of these residues was 


accOTupanied by a rapid destruction of lactogemc potency 
The Adrenoirophtc Hormone The basic experimental evidence that has led 
bo the acceptance of a distmct hormonal secretion of the pitmtary gland with a 
trophic influence on the adrenal cortex was provided by the mvestigations of 
P E Smith (163, 156) This mvestigator descnbed the atrophy df the adrenal 
cortex m the hypopbysectomized rat and the adrenal cortical repan produced by 
implantation of fresh, hvmg hypophyseal tissue As a consequence of these 
studies, the question arose as to whether adrenal cortical atrophy m the hy^ 
physectomized animal was a primary effect due to the lack of a specific trophic 
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hormone elaborated by the pituitary for the purpose of maintaining the adrenal 
cortex, or a secondary result due to a metabolio disturbance (lowered thyroid 
functioning) accompanying hypophysectciny However, a few years pnor to 
Smith’s classical work, Evans and his colleagues (44) were able to extract from 
pituitary tissue potent growth promoting preparations, some of which caused 
adrenal hypertrophy This important contribution estabhshed that adrenal 
cortical stimulation was not dependent upon the presence of whole pituitary 
tissue but could be eUcited by fractions of thm tissuo The investigations m 
Evans' laboratory had progressed enough by 1933 for hnn to state (45) " it 
would appear mevitable for us to recc^niie the existence of an adrenalotropic 
hormone, the properties of which aa distinguished from thyrotropic, lactogenic, 
and other possible hormones will emerge, I trust, frean the research of the three 
or four laboratories engaged m this study m the course of the next few months " 
In the same year, CoUip, Anderson and Thomson (37) obtained from pituitary 
tissue extracts a fraction which m relatively wnall doses would produce repair 
of the adrenal cortex of the hypophysectomiied rat Smee the material was free 
of thyrotrophlc hormone, the data confirmed the existence m pituitary extracts 
of a distmet adrenotrophio principle 

Melhoda of aaay Several methods of assay of the adrenotrophio hormone 
have been proposed Two of the moat reliable of these (90, 141, 161) employ 
the hypophysectomimd animal m which variable mtemal sources of the hormone 
have been removed One assay fa based upon the ability of the product being 
tested to repair the atrophied adrenals found m rats several weeks foUowmg 
pituitary removal The other evaluates the potency of a preparation in terms 
of ite capacity to prevent a decrease in the sue of the adrenal cortex of the rat 
foHowmg hypophysectcffny The first procedure is thus termed the repair, and 
the second the mamtenance, method of assay 

Itolahon of adrenolrophu: hormone Almost ten years elapsed between the 
pubbcation of physiological evidence for the presence m pltmtary tissue of a 
Bpecifio adrenotrophio principle and the laboratory production of preparations 
containing significant amounts of this hormone CoUip and his associates (35, 
37) used alcohol and acetone filtrates which were obtained after removal of 
precipitated thyrotrcqihlc hormone These filtrates wore concentrated at low 
temperatures and the solution was saturated with ammonium sulfate The 
preapitato which formed was extracted with one per cent ammonia, the extract 
dialyzed and the proteins precipitated with alcohol The precipitate was 
extracted with dilute fllknlij and »oelectnc fractionation yielded a product 
which was insoluble at pH 0 0 and was free of thyrotrophic hormone and nch m 
adrenotrophio factor 

Two procedure* which assume interesting properties for adrenotrophin have 
been proposed for the preparation of thb hormone One method ass i gn s to 
adrenotrophm n considerable degree of heat stabihty The other preparative 
approach suggests that adrenotrophio hormone activity may bo associated with 
ultrafilterablo moieties Collip (30) has suggested extraction of fresh, defatted 
and alcohol-dehydrated pituitary tfasue with 0^ per cent acetic acid for 16 
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minutes HydrocUonc acid was then added to 0 25 per cent concentration and 
the mixture boiled for 12 hours Neutrabzation of this extract to pH 4 0 yielded 
a solution which contamed adrenotrophic hormone The use of elevated 
temperatures has also been proposed m a Dutch patent (135) Pituitary ex- 
tracts were prepared by extraction with water solution at pH 6 0 to 6 6 for 45 
minutes at boihng temperature The procedure was reported to decompose heat 
labile hormones such as the gonadotrophins After filtration of the extract, 
further purification was achieved by adsorption of the hormone on active carbon 
and elution with water The bioassay method employed was not mdicated, 
and hence it is difficult to evaluate the product obtamed Although it has been 
the writer’s experience that methods employmg heat treatment of pituitary 
tissue have not 3 nelded potent adrenotrophic hormone products, it should be 
noted that the punfied adrenotrophic hormone prepared from sheep pituitary 
glands (see p 587) has been reported to exhibit a significant degree of heat 
stabihty m dilute hydrochloric acid solution (96) 

The first mdication that the adrenotrophic factor could be ultrafiltered was 
presented by Anselimno, Hoffmann and Herold m 1934 (5) These mvestigators 

reported that adrenotrophm could be separated from gonadotrophic, thyrotrophic 
and lactogemc activities by ultrafiltration of the adrenotrophic hormone throu^ 
8 per cent acetic acid-collodion membranes It is unfortunate that the measure 
of adrenotrophic activity was based on changes m size and hpid concentration of 
the adrenab of castrated infantile mice Positive assay results under these 
circumstances could have resulted from non-specific stimulation of the animals' 
own pituitary (166) It would be of mterest to assay similar products m the 
hypophysectomized rat The data of Tyslowitz (161) also mdicated that a 
dialyzable fraction containmg adrenotrophic hormone activity could be prepared 
from pituitary glands Acetone-dned hog pitmtary powder was extracted with 
'glacial acetic acid and the extract dialyzed for two weeks against an equal 
volume of water Assay of the dialysate m hj^iophysectomized rats showed the 
presence of adrenotrophic activity In other experiments, clear and almost 
colorless ultrafiltrates were obtamed with the aid of cellophane membranes and 
pressure filtration Almost half of the sohds of the imtial extract were ultra- 
filtrable and represented 38 per cent of the total adrenotrophic activity of the 
extract The material remammg m the dialysis bag contamed 28 per cent of 
the total activity The ultrafiltrates were free of gonadotrophic and thyrotrophic 
hormones By sodium chlonde and ammomum sulfate fractionation at pH 4 5 
of the ultrafiltrates, Tyslowitz obtamed a preparation with marked adrenotrophic 
hormone potency The product gave the usual protem color reactions, was 
precipitated from 0 1 per cent solutions by phosphotungstic or phosphomolybdic 
acids, but not by trichloroacetic or picnc acids Adrenotrophic hormone 
activity was not destroyed by boilmg a solution of the preparation for 10 mmutes 
Dunng the course of studies on prolactm, acid-acetone extracts which yielded 
crude prolactm preparations were also shown to have a significant concentration 
of adrenotrophm Lyons (117) precipitated an adrenotrophic fraction fn^a 
sh^tly alkalme solution of crude prolactm by adjustmg the pH to 6 5 Ihis 
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product exhibited adrenotrophio activity when assayed in the hypophysectomired 
rat and in the immature male nit (133) As a result of these observations it was 
erroneously accepted that the adrenotrophio hormone had an isoelectno point at 
pH 6d !^tes, Riddle and Miller (14) observed the high degree of solubility of 
adrenotrophio hormone fractions in 00 per cent ethanol and m water at pH 3d 
On dialysis of aqueous solutions at pH 3d, a precipitate formed which was 
shgjitly more potent m adrenotrophm than was the remainmg solution 

Preliminary aimouncemonta from two laboratories of the isolation of purified 
adrenotrophio hormone (110, 140) were followed by the two complete publics 
tiona appearing at the same tone (96, 141) Of considerable interest is the fact 
that two groupe of investigatora, workmg mdependently, have applied consider- 
ably different fiactlonation procedures to pituitary tissue of two different species 
and obtained what appeara to be identical protem hormone products The 
procedure of Li, Simpson and Evans (96) began with an acid-acetone extraction 
of fresh sheep pituitary glands and prepared what may be desotibed as crude 
prolaotm Fractionation of this product was based on the differences in solu 
bility of adrenotrophin and prolactin m the presence of sodium chlonde Pro- 
laotm was precipitated from aqueous solution at pH 3f) in the presence of 0 64 
molar sodium chloride. After removal of this precipitate, adrenotrophin was 
precipitated from the supernatant by mcreasing the salt concentration to 1,85 
mdar Sayers, White and Long (141) also used as starting material crude 
pTolactm which was, however, prepared from hog pitultanes This tissue was 
chosen because of the report (10) that hog pitintanes wore higher m adrenotrophio 
hormone content than pituitary trasuo from several other spedcs examined 
It is interesting to note that the yield of crude prolaotm from hog glands was 
approxunately two and one-half times that from a corresponding woi^t of beef 
pitmtanee (167) This was probably in part related to the higher adrenotrophm 
content of the hog tissue, althoUEdi no careful studies have been made of the 
prrdactm content of the hog pitrdtary The isolation of purified adrenotrophm 
from hog crude prolactin was achieved by careful adjustments of hydrogen ion 
concentration, advantage being taken of differences m isoelectno points of the 
two hormones (prolactm, 6 7 , adrenotrophin, 4 7) The yield of purified adrono- 
trophic hormone from hog pituitanes was approximately five-fold that from 
sheep tissue 

The purity of the isolated adrenotrophins from the two speciea has been 
established by ultracontnfugal, electrophoretic and solubihty studies (96, 141) * 
Both groups of invesbgators obtnmed a molecular wei^t of 20,000 for their 
hormone preparations The product from sheep glands was reported (96) to 
exhibit a considerable degree of heat stabUity at 100 degrees centigrade in buffer 
at pH 7d, or m Od molar hytlrochlonc acid. Howev'er, biological activity was 
lost when adrenotrophin wns heated in 0 1 molar aodium hydroxide solution, 
precipitated by tnchloroacetic acid, or digested by trypsin Adrenotrophlc 
activity of the protein hormone was httio affected by the digestii-o action of 
pepam Indeed, adrenotrophio hormone ncUvity was clauned to bo unimpaired 

* Also tmpubUali«d data 
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when 37 per cent of the ongmal protein was no longer present as a result of 
peptic action La, Sunpson and Evans (113) have also studied the reaction of 
purified adrenotrophin with ketene, nitrous acid, formaldehyde and iodine, and 
correlated the resultmg chemical and biological alterations As m the case of 
prolactm (98), it was demonstrated that ketene reacted more slowly with ammo 
groups than with phenohc hydroxyl groups m acetate buffer at pH 4 0 How- 
ever, in phosphate buffer of pH 7 0, five mmutes, treatment with ketene acetylated 
60 per cent of the ammo groups and one-fifth of the tyrosme phenohc groups 
It was diflacult from the type of products obtamed to assess accurately the rela- 
tive contribution of the two types of groups to the biological activity Smce 
adrenotrophm potency dechned as acetylation was prolonged, it was concluded 
that both the phenohc hydroxyl and ammo groups are essential for the biological 
action of the adrenotrophic hormone Reaction with mtrous acid for 30 mmutes 
completely inactivated the hormone, as did treatment with formaldehyde 
These data further mdicated the essentiahty of the free ammo groups The 
biological importance of the tyrosme residues was further suggested by the 
demonstration that the degree of inactivation of the hormone by lodmation was 
correlated with the amount of lodme absorbed by the protem solution The 
mterpretations of the data obtamed m these inactivation studies of adrenotrophm 
are linuted by considerations previously discussed 
Recently, Li (94) has found that adrenotrophm isolated from sheep pitmtanes 
contamed 1 93 per cent methionme and 7 19 per cent cystme These values for 
the sulfur-contammg ammo acids satisfactorily accounted for the total sulfur, 
2 32 per cent, of this hormone The more important analytical data for adreno- 
trophm are summarized m table 3 Other ammo acid analyses and further 
inactivation studies would be important contnbutions to the knowledge of 
adrenotrophm, particulanly m view of the suggestive evidence that a moiety 
with similar physiological activity may be obtamed from this protem hormone 
by ultrafiltration or by peptic digestion 

The Thyrotrophic Hormone In 1911, Ascoh and Legnam (8) demonstrated 
that h 3 rpophysectomy m the mammal was followed by atrophy and inactivity 
of the thyroid gland This was established mdependently by Aschner (7), and 
m 1914 Adler (2) was able to prevent metamorphosis and to cause thyroid 
atrophy by destroymg the pitmtaiy m tadpoles Two years later, Allen (3) and 
Simth (152) mdependently showed that m tadpoles the ablation, m the late egg 
stage, of the ectodermal bud destmed to form the antenor, mtermediate and 
tuberal lobes of the hypophysis, resulted m a failure of the thyroid to undergo 
normal development A study of the mjection or transplantation of the vanous 
lobes of the pitmtary revealed that use of the antenor, but not of the other lobes, 
mduced reparative effects m the thyroid The conclusion was drawn that the 
lack of thyroid development followmg ablation of the ectodermal bud was due 
not to the absence of the entire pitmtary but rather to the loss of its antenor lobe 
component It was further observed that the feedmg of fresh antenor lobe tissue 
had no restorative effect on the thyroid, whereas parenteral administration of 
the tissue stnnulated thyroid development 
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Tba fiiBt thynMd-fitimulatmg pitmtaiy extracts were merely onide aad, nihi 
lino or ealme extracts of pitmtary ^and tissue (114) Althou^ these extracts 
were largely mixtures of all pitmtary hormones, the mvestigatloiis were of value 
in their demonstration that the gumea pig was an exceedmgly sensitive test 
object for assay of the pitmtaiy thyrotrophic hormone 
MeOtoda of aaay Several satisfactory biological methods are availablo for 
aasesring the thyrotrophlo hormone potency of pitmtary preparations The 
most reliablo methods depend upon the direct effect of the hormone on the thyroid 
gland and evaluate activity m terms of alterations m histology of the thyroid 
^and, changes in iodine content of the thyroid, or mcreases m thyroid wei^t 
The chick and the gumea pig are sensitivo test animala 

TABLE 3 


Analytteol data for adrtnotropKin 



BOO AnxmnufUM 
041) 

■»rw» AUUKUliOmt 
tw 96 ) 

Yield in xngm from 1 kgm fresh tissue 

350 

70 

Minimum effeeUve doae 

25 

25 

8« 

8 07 8 

2 08 8 

Ihi 

not determined 

10 4 X 10" 

Fftimated molecular weight 

20,000 

20 000 

Itoelectrie point pH 

4 7 

4 7 

Carbon 

60 64% 

46 38% 

Hydrogen 

6 23% 

6 89% 

Nitrogen 

18 47% 

16 65% 

Sulfur 

! 2 »3% 

2 30% 

Cystine 

not determined 

7 19% 

Methionine 

not determined 

1 03% 

Carbohydrate 

abeent 

absent 

He»t lUbillty} 

1 not determined 

+ 


* The nombcnj in parenthesM are bibliography reference* 

t For a diactiBalon of the eomparative biological activitlee of the two preparation* aee 
reference IM 

t + Indieatea beat atablllty under epedfio condition* 

Preparation of thyrotrophic hormone Tho literature on the preparation of 
thyrotrophin la considerably rnorc extennvo than that deahng either with 
prolactin or with adronotrophin Tho thyrotrophic honnono has been found 
in tho pituitanes of almost all aninmls studied Tho concentration of tho 
honnono in the gland showed a species vanation, usuallj in direct relation to the 
activity of the ammal's thyroid gland (169) Tho most conunonly employed 
starting matonal for the preparation of tho thyrotrophic hormone has been beef 
pltuitaiy tissue Aron (6) reported that one milligram of fresh beef pituitary 
gland tissue, injected into tho guinea pig, produced definite histological altera 
tions in that animaVs thyroid gland Sheep pituitanes are as high, or higher m 
their thyrotrophin content (20) whereas dog and horso ^anda have less of this 
hormone ^) Oonsiderablc variations xnay be found m reports of the thyro- 
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trophin content of pituitary tissue since bioassays have frequently been con- 
ducted on acetone-dned pituitaiy glands Jorgensen and Wade (86) observed 
that acetone drying of pituitanes may result m a lc»s of approximately 50 per 
cent of the thyrotrophic potency originally present m the glands 

It might be expected that the whale pituitary would be a good starting material 
for preparation of pitmtary hormones The pituitary m the whale is large, and 
the antenor lobe is easily obtamed free from other portions of the hypophysis 
However, the yearly prewar catch of 10,000 whales would yield but 42 kdograms 
of dnfed pitmtary powder, and this is equivalent m thyrotrophic activity to only 
about 26 kilograms of dried beef pituitary powder (21) It is mterestmg to note 
that while dilute acetic acid efficiently extracts thyrotrophin from beef pitmtary 
powder, this solvent extracted httle of the hormone from whale pitmtary powder 
(21) Dilute alkahne extraction, on the other hand, gave solutions highly 
potent m thjrrotrophic activity There is as yet no explanation of these 
observations 

Among the ffist punfied preparations of thyrotrophic hormone was that made 
by Janssen and Looser (83) m 1931 A physiological sahne extract of acetone- 
dned tissue was treated ivith sulfosahcyhc acid solution Removal of the 
precipitate which formed yielded a solution showmg marked th 3 H'oid-stimulatmg 
activity when mjected mtrapentoneaUy m gumea pigs No activity was evident 
foUowmg oral administration or after heatmg of the solution A year later, the 
same laboratory (116) reported very efficient extraction of thyrotrophm from 
pitmtary tissue with aqueous solutions of pyndme, diethylamme or ammonia 
Protem impunties were removed with 20 per cent tnchloroacetic acid, and thyro- 
trophic activity then precipitated from the hltrate by the addition of excess 
acetone Further purification was obtamed by extractmg the dned acetone 
precipitate with methanol to remove traces of yellow-colored material The 
residue was extracted with water, addition of excess acetone to the extract yielded 
a white powder eqmvalent m activity (82) to about twenty times its weight of the 
dry pitmtary powder used as startmg material Rowlands and Parkes (139) 
also succeeded m obtammg potent thyrotrophic hormone powders by extraction 
of acetone-dned pitmtary powder with 60 per cent aqueous pyndme Extrac- 
tion of th 3 uotrophm from antenor pitmtary tissue by ammoniacal solutions was 
also used by Anderson and Colhp (4) Growth hormone and other impunties 
were removed by adsorption on calcium phosphate Saturation of the calcium 
phosphate filtrate with ammomum sulfate gave a precipitate which had thyro- 
trophic activity This precipitate was dissolved m water and further purifica- 
tion of thyrotrophm achieved by alcohol or acetone precipitation 

Acetic acid 1^ been employed to extract thyrotrophm from acetone-dned 
pitmtary tissue (87), addition of picnc acid to these extracts precipitated the 
active material The picnc acid was removed by the use of acid alcohol or by 
solution of the picrate m aqueous ammonia and precipitation of the protem with 
acetone Repetition of the picnc acid step finally gave a highly potent product 
m a yield of 12 to 18 grams per kilogram of acetone-dned antenor lobepowder 
Dilute acetic acid was also employed as the mitial solvent by Lambie and 
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Tritojus (88), who removed protem impnnbes from the extract by treatment with 
sulfosallcyho acid Thyrotrophio activity was then precipitated with sodium 
tungstate The tungstate was decomposed m the usual manner with the aid of 
alknh and banum chlonde and the protem hormone adsorbed from solution by 
addition of a concentrated solution of benioic acid m alcohol Kemoval of 
benioio acid from the precipitate by washmg with water and acetone gave a 
colorless powder with a hi^ degree of activity From each kdogmm of acetone- 
dned anterior pituitary powder 16 grams of the product were obtamed This 
yield was m good agreement with that Just described for acetic acid extraction 
and picno acid precipitation Flavianio acid has also been employed as a preci 
pltant of thyrotrophin and was reported (10) to remove quantitatively the hor 
mone from solution 

Salt fractionation of pituitary extracts has yielded active thyrotrophio hormone 
preparatians Ihvold, Lee, Hiaw and Cohn (04) extracted whole beef pituitary 
tissue with dilute ammonia at pH 8 0 and removed insoluble material precipitated 
by addition of ammomum sulfate to 028 molar concentration Acidification 
to pH 6 4 yielded another precipitate, the supernatant was then fractionated 
with further careful addition of the morganio salt at pH 7 0 Thyrotrophio 
activity was largely precipitated at 3 4 molar concentration of ammomum sulfate 
The yield of final product was poor as compared to that of other procedures in 
the htorature Salt fractionation has also been apphed (73) with considerably 
greater success to dilute acetic acid extracts of acetone^ined pituitary powder 
The hormone was precipitated by addition of ammomum suilate to 0 6 satura- 
tion, after previously removing inactive matenal at 03 saturation Bepetition 
of this procedure yielded a product nssaymg 170 chick umts per miUigmm of 
mtrogen Solution of the product m water, addition of acetone to 39 per cent 
concentration, removal of the precipitate which formed, and addition to the 
supernatant of 8 to 10 volumes of aoetone gave a fraction assaymg 480 chick 
units per miihgram of mtrogen The yield from a kilogram of dned pituitary 
powder was 23 grama (corrected for ash and moisture) of matenal assaymg 60 
duck wei^t units per milligram of product This product could bo purified 
further by solubon in water, followed by precipitation of inert protein with one 
volume of alcohol, and finally by precipitabon of thyrotrophio activity with an 
excess of acetone This product assay^ about 1000 chick umts per miihgram of 
mtrogen Hewever, the total recovery of potency m this final stop was low, even 
when adequate precautions wore taken regardmg temperature and length of 
exposure to orgamo solvents Junkmaim (87) and other investigatora have also 
reported losses of thyrotrophic potency m punficabon procedures and these 
losses have generally been attributed to the deleterious action of the organic 
solvents employed However, the significant solubihty of thyrotrophm in hi^ 
concentrations of alcohol and acetone might bo a more important basis for the 
lower yields encountered 

An extensive mi’cstigabon of methods for the purification of thyrotrophic 
hormone was reported m 1941 by Jorgensen and 'Wade (80) These mvestigators 
evaluated vanous solvents for the extraction of thyrotrophin and concluded 
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that 0 02 normal banum hydroxide was most eflScient From crude extracts 
it was possible to precipitate 60 to 90 per cent of the active factor, together with 
most of the other proteins, with flaviamc, trichloroacetic, picnc, phosphotungstic 
and sulfosahcyhc adds However, with more highly purified preparations of 
the hormone, it was reported that these reagents 3 aelded httle or no precipitate, 
and that the thyrotrophm remamed m solution These observations were difficult 
to assess inasmuch as concentrations of reagents and of protein solutions were not 
given The hormone was readily adsorbed from solution by a vanety of agents 
but Was difficult to elute Permutit adsorption and elution from the permutit 
proved the most satisfactory of the procedures tested Optimum adsorption 
occurred at pH 4 5 but required large quantities of permutit Elution of 
activity was obtamed by addition of sodium hydroxide to pH 13 0 Repetition 
of this process proved unsatisfactoiy, apparently, certam impurities favored 
adsorption of thyrotrophm on permutit Additional efforts to achieve further 
purification of the hormone culminated m the use of uramum acetate as a preci- 
pitant, witii recovery of the activity from the precipitate by extraction with 
dilute phosphate solution The degree of purification achieved by Jorgensen 
and Wade cannot be evaluated from their data which stress recovery of hormone 
with no mdication of potency of preparations m terms of dry weight or mtrogen 
content 

Divergent results were obtamed m attempts to purify thyxotrophin with the 
aid of the ultracentnfuge No detectable sedimentation of th 3 ?rotrophic activity 
was observed (146) m 3 houis’ ultracentnfugation at 39,000 revolutions per 
mmute, as judged by bioassay of the top, middle and the lower portions of the 
contents of the centrifuge tubes In later expenments (90), both thjrrotrophic 
and gonadotrophic activity were observed to sediment at approximately the same 
rate and m proportion to the rate of sedimentation of other proteins m the crude 
extracts employed It is not unlikely that there may have occurred adsorption 


of physiologically active pnnciples on contaminatmg proteins 
l^cently, Ciereszko (32) has desenbed a relatively simple procedure for the 
preparation of highly purified thyrotrophm from either whole beef or riieep 
pituitary glands The course of progress of this study had been mdicated m 
abstracts published by White and Ciereszko (169) m 1941, and by the same 
mvestigators m 1942 (33) In a previous pubhcation from this same laboratoiy, 
Bonsnes and White (22) had prepared a thyrotrophm-nch product by usmg 
isoelectnc and acetone precipitations for the fractionation of sahne extracts of 
fresh beef pitmtary glands Followmg removal of other proteins by adjustment 
of hydrogen ion concentration and the use of mcreasmg concentrations of ace- 
tone, thyrotrophic activity was found to be largely concentrated m a fraction 
precipitated by 76 per cent acetone at pH 4 0 Ciereszko (32) achieved further 
purification by makmg use of the previously discussed evidence that thyrotroph 
is water soluble and not readily precipitated from solution by certam of the 
common protem precipitants Extraction of the 76 per cent acetone ^oluble 
nreapitate with water was followed by removal of protem mipunties from the 
Lrart by the successive use of lead acetate and tnchloroacetic acid From the 
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supernatant, a product -waa obtained with a mfnimimi effective doee (histological 
chick thyroid assay) of one miorogram One kilograni of glands yielded about 
600 mfliigrama of final product The isolated material accounted for appron 
mately 80 per cent of the thyrotrophio potency of the original sahne extract of 
the glands Preliminary studiea of the beef thyrotrophm m the Ttselms 
apparatus and the ultraoentnfuge mdicated that the produotwas homogeneous 
Biological evidence of the absence of prolactm, gonadotrophic or gr o wth hormane 
activity was obtained It is mterestmg to note that the apphcation of a similar 
procedure for purification of thyrotrophm to sheep pituitary glands yielded a 
final product which waa not homogeneous m the Tlsehus apparatus Bioassay 
rovdiled the presence of gonadotrophic hormone m these preparations The 
relatively lower content of gonadotrophuiB in the anterior pituitary ^and of 
cattle, as compared to sheep, aids m arcumventmg the somewhat diflicult detail 
of separatmg thyrotrophio from gonadotrophic activity 

ProperUes of thyrobvphtn Moat of the data for the physical and chemical 
properties of thyrotrophm have been obtained with unpure products Some 
of the chemical properties have been inferred from behavior of the actiio material 
m the course of its purification Consequently, tho published physical and 
chemical behavior of the hormone may have been miluenced by the presence of 
contammatmg substances 

Opimons tegardmg the solubility of the hormone appear to be m good agree- 
ment. It is soluble m water over tho entire pH scale, and is insoluble m alcohol, 
ether, pyridine, acetone, methanol, chloroform and bcxnchlorootlmne (116) 
The active material is soluble m aqueous alcohol (73) aqueous acetone (22, 32, 
73) and aqueous pyndine (116, 139) The hormone is not precipitated by dilute 
solutions of sulfosahoyhc acid (88), trichloroacetic acid (32) or lead acetate (82) 
Thyrotroplun is precipitated from aqueous solution by flavianic (16, 86), picnc 
(86, 87), tungptio (88), or phosphotungstic acids (32, 86), and by uramum acetate 
(86) and mercuno chloride (32) Thyrotrophm has also been reported to be 
precipitated by trichloroacetic or sulfosahcyho acids (86), m disagreement with 
tho observations Just mted, but the conditions under which precipitation occurred 
wore not describe 

The thyrotrophio hormone is very readdy adsorbed on a variety of materials, 
e.g , permutit (86), boniolo acid (88), colloidal feme hydroxide (88), atumal 
sbarooal (88), and various protein preoipitants (86) 

Purified thyrotrophm (K) gave the usual protem color reactions, and the 
Mohsch reaction was positive Quahtativo testa for phosphorus were negative 
Tho mtrogen content has been reported as 13 per cent (73) and as 12 6 per cent 
(32), and two laboratories (14, 73) have report^ the presence of ^ucossmme m 
thyrotrophin preparationa The hormone was heat labile both m the presence 
or absence of oxygen (88 116), and was not active when administered orally or 
after digestion by proteolytic eniymes (30) These observations both confirm 
the protem nature of the hormone and suggest that the physiological activity b 
dependent upon the protein molecule ns a whole 

laicsscr (116), working with an impure preparation of thyrotrophic hormone. 
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observed that the activity was destroyed by treatment with benzoyl chlonde or 
nitrous acid Cysteme treatment was found (73) to inactivate the thyrotrophic 
hormone, presumably because of a reduction of disulfide linkages m the protem 
hormone Bnef treatment of a solution of thyrotrophic hormone with ketene 
also produced a significant degree of inactivation (73) 

Althou^ further work must be done to characterize fully the thyrotrophic 
hormone, it seems clear that it is a protem and that its physiological activity is 
closely related to the mtegnty of the protem molecule A relatively small 
molecular weight for thyrotrophm is indicated by its slow rate of sedimentation 
m the ultracentnfuge, its failure to precipitate with protem precipitants hke 
trichloroacetic acid and lead acetate, and the high concentration of morgamc 
salts or of orgamc solvents required to precipitate the active material from 
aqueous solution Evidence has been obtamed for the presence of a carbohydrate 
groupmg m thyrotrophin 

The Growth Hormone The first demonstration of the capacity of anterior 
pitmtary extracts to prpmote accelerated growth m mammals was made by 
Evans and tiong (60) m 1921 Beef anterior pitmtary tissue was ground m a 
mortar with sand and Locke’s solution *1116 clarified extmct was administered 
daily mtrapentoneally to young rats and produced a markedly mcreased rate of 
weight gam as compared to urunjected controls Later, Srmth (165) found that 
antenor pitmtary extracts could cause the resumption of growth of hypophy- 
sectomized rats The demonstration of growth-promoting activity in antenor 
pitmtary tissues extracts led to the conclusion that the pitmtary gland secreted a 
hormonal prmciple which was termed “growth hormone ” 

Methods of assay A hormone which has a stimulatmg effect on growth might 
be expected to influence the rate of a vanety of chemical and physiological 
processes m the organism Consequently, a number of procedures have been 
devised for assay of the antenor pitmtary growth hormone The most widely 
employed and reliable methods are (a) the gam m wei^t produced m plateaued 
female rats, and (b) the resumption of growth and subsequent gam m weight of 
hjipophysectomized rats A relatively recent method of growth hormone assay 
has been descnbed by Evans and his colleagues (64) This method is based on 
the fact that hypophysectomy causes regressive changes at the proximal end of 
the tibia m the immature rat These changes can be reversed with growth 
hormone, the mcrease m width of the cartilage observed durmg the a^^mstra- 
tion of hormone is employed as the cntenon of assay The bone js stated 
to be approximately three tones as sensitive as body weight methods ' basis 
of daily dose, and requires one-fourth as much time and approxima' 
tenth of the quantity of hormone necessary for a correspondmg respo 
body weight method Other bioassay procedures, less often employ 

also been descnbed (166) ^ 

Preparalxon of growth hormone Early in the chemical efforts to 
antenor pitmtary growth hormone, it was observed that the biological 
dnmmshed m strongly acid media Consequently, alkalme extractio ^ 
pitmtary tissue has generaUy been employed as an mitial step Solut 
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Bodinm hydroxide, ammonnim hydroxide, bannm hydroxide or calcium hydroxide 
■win extract the growth promotmg principle from pitmtary tissue Weakly 
alkalmo, saline extracts have also proven useful as startmg materials for fraction 
ation of growth hormone activity (22, 64) TJnfortunately, these alkaline sol- 
vents are also effective m extractmg all other types of hormonal activity, as well 
as non-hormonal proteins Ckinsequcntly, the subsequent purification and 
concentration of growth hormone has proven relatively difficult as compared to 
the preparation m punfied form of the other anterior pitmtary hormones 
Bantnn and calcium hydroxides have been most frequently used as extractioii 
media, neutmliiation and filtration of the extract yielded a solution which 
ediibltcd growth promoting potency (47) Gonadotrophic activity could bo 
removed almost cmupletely from the growth principle by repeated fractionation 
with 20 per cent sodium sulfate (163) The precipitated protems contamcd 
growth hormone but were relabvely free of the gonadotrophic factors 

The use of adsorbents for removal of growth hormone from extracts has been 
extensively studied Whereas alumlnnm hydroxido and IJoyd’s reagent wore 
not effective adsorbmg agents, some success has been reported with calaum 
phosphate and nonte. CoUip, Sclyc and Thomson (38) adsorbed the growth 
factor on calmnm phosphate and eluted with dilute alkah A growth prepara 
tion was obtained which was reported to be relatively free of the thyrotrophio 
adrenotrophio, and gonadotrophic hormones as well as prolaefm and the meta 
hollo factors ^togenlo and ffiabetogemc) Dmgcmanse (42) and Dmgomanse 
and Freud (43) have removed growth hormone from alkalmo extracts of ncetone- 
dned pituitary ^ands by adsorption on nonte The hormone was eluted with 
hqind phenol and obtained as a preapitate when the phenol solution was poured 
mto alcohol-ether mixture The properties of the isolated product were studied 
in detsfl. Its elementary composition was that of a protem with a total sulfur 
content of 1 47 per cent, this was present as disulfide groups The hormonal 
activity was destro 5 ed by heat, by strong acid or alkali and by proteolytic 
cniymes The hormone was reported to be insoluble at pH 8 0 and could be 
nltiafiltercd or dialyzed at pH 10 0 Assayed m hypophj'sectoraiicd rats, the 
product stimulated a weight gum of one gram a day for seven days when given 
m doses of ten micrograms daily At a dose level of 30 micrograms daily the 
product showed no lactogemc, thyrotrophio, gonadotrophic, or adrenotrophio 
activity Although certain of the i-laims of Cmgemanso have not been fully 
snhstantmtcd by other investigators (46, 142), It is intoreatmg to note certain 
omilarrties In properties of her product with these reported for the hi^ly punfied 
growth hormone (see below) 

Investigators m the laboratory of H M Evans at the University of CaEfonna 
have been persistently pmsumg the task of punfication and isolation of the 
growth honnouB smeo the firat description of this prmaplc m that laboratory 
twenty-five years ago It is wholly fittmg that these efforts have recently been 
crowned with final and apparently complete success An carher study by Evans, 
Meyer and Simpson (61) oxammed a xndo variety of extraction, fractionation 
and punfication procedures for the preparation of growth hormone Diluie 
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banum or calcium hydroxide appeared to be the solvents of choice Qrowth- 
promotmg activity was found to be m the globuhn fraction precipitated from 
alkahne extracts by half saturation with ammomum sulfate (56) Many methods 
were explored m efforts to free this precipitate of other types of hormonal 
activity Reprecipitation of the globulm fraction, extraction of the gonado- 
trophic activity with 10 per cent sahne, removal of the lactogemc hormone by 
precipitation with bromme water or by extraction with 0 1 saturated ammomum 
sulfate solution, were all attended by vaiymg degrees of success but with no 
great mcrease m growth hormone potency While biological purification may 
have been obtamed by these procedures, httle chemical purification was accom- 
plished At a later time (69, 123) considerable advance was reported from the 
California laboratory m the purification of the growth hormone by cysteme 
treatment of the ammomum sulfate-insoluble, growth hormone globulm fraction 
Alkahne cysteme solutions were added to alkahne (pH 8 6) solutions of the 
globulm fraction which contamed growth hormone activity, the mixtures were 
allowed to stand at room temperature for one to two days Under these condi- 
tions, protem impurities precipitated from the solution with a resultmg purifica- 
tion and concentration of growth hormone activity Although the best product 
obtamed by apphcation of the cysteme procedure showed two components m the 
Tisehus apparatus, only five micrograms daily were reported required to produce 
a body weight mcrease of one gram per day m hypophysectomized rats More- 
over, the final product ivas so low m physiologically active contaminants that a 
total dose of ten milhgianis did not cause any demonstrable stimulation of 
Ovanes, thyroids, or adrenals m hypophysectomized rats 
The isolation of a protem with growth hormone activity and showmg electro- 
phoretic homogeneity was reported m a preliminary note by Li and Evans (95) 
m 1944, and more recently this work has been described m detail by Li, Evans 
and Simpson (97) The authors have dropped the cysteme procedure and rehed 
wholly on the apphcation of salt fractionation and isoelectnc precipitation to 
alkahne extracts -of acetone-dned beef antenor pituitary powder The growth- 
promotmg, crude globulm fraction was agam isolated from an alkahne extract 
of acetone-dned beef pitmtary powder by a procedure essentially that descnbed 
previously (66) The globulm precipitate was then dissolved and freed of a 
protem insoluble at 0 6 molar concentration of ammomum sulfate After pre- 
cipitation of growth-promotmg activity by mcreasmg the salt concentration to 
2 0 molar, further purification was achiei’ed by fractionation with sodium 
chlonde The globulm fraction was dissolved by the addition of dilute hydro- 
chlonc acid until the pH was 4 0 Saturated sodium chlonde solution was then 
added to a salt concentration of 0 10 molar, a precipitate formed which was 
devoid of growth activity and therefore was discarded Addition of sohd sodium 
chlonde to the supernatant to a concentration of 6 0 molar precipitated growth 
hormone activity This sodium chlonde fractionation was repeated twice on the 
precipitate obtamed at this stage The final 6 0 molar sodium chlonde precip- 
itate was dissolved m water and dialyzed until free of salt This solution was 
then adjusted to pH 5 7 to 6 8 and the precipitate discarded Another precipi- 
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tate WBS removed at pH 8 7 to 8S and tbo clear supernatant brougjit to pH 
ID Addition of ammonium sulfate to 1 65 molar concentration precipitated 
growth hormone activity The pH alterations and ammonium sulfato fraction 
ation were repeated twice The dlalyied solution of the final 1 65 molar ammo- 
mum sulfate precipitate was preapitoted again at pH 5 7 to 65 and pH 8 7 to 
85 as above and finally at pH 65 to 6 9 m the absence of salt This isoeleotno 
precipitation was repeated twice The final preapitato obtamed at pH 65 to 
65 was the purified growth hormone 

A final yiold of approximately 40 mgm of the growth hormone was obtamed 
from one kilogram of fresh, beef antonor pituitary glands In this respect the 
yield of growth hormone is lower than that reported for the other antenor 
pituitary hormones and may be m part a refiection of the lengthy procedure 
necessary to obtain the fitml product The isolated protem was shown to be 
hanogeneoua m electrophoretic, dialysis and solubihty studies In addition, 
no evidence could be obtamed for the presence of any of the other known pituitary 
hormones The hypophysectomired rat was used to establish the absence of 
adrenotrophic, thyrotrophio and gonadotrophic hormones, and the absence of 
prolacUn was demonstrated by the pigeon assay The absence of thyrotrophio 
hormone mi^t have been demonstrated more conclusively by employmg the 
hi^y sensitive chick assay method, since the rat thyroid is relatively non- 
rosponsivB to small amounts of thyrotrophio hormone Thyrotrophio activity 
IS one of the most common contaminants of various pitidtary fractions because 
of the hi^ degree of adsorption of thyrotrophm on protem precipitates 

The isolated growth hormone produced a daily body weight morcase of one 
gram when mjected in a dose of ten micrograms daily for ten days m hypo- 
physeotomiied rats A similar daily dose level for four deja was sufficient to 
mcreasa the width of the uncalcified portion of the proximal opiphj’seal cartilage 
of the tibia 60 per cent over that of the control The protem had an isoeleotnc 
pomt at pH 656 and osmotic pressure measurements mdicated a molecular 
wel^t of 44560 The hormonal activity was destroyed by mcubatlon of the 
protem with pepam or trypsm Tho protem was unstable at the temperature of 
boihng water and destruction of activity ensued. In buffer of pH 7 0, the 
protem hormone was coagulated at 70 to 80 degrees centigrade, with accom- 
panying destruction of growth promotmg potency The protem exhibited 
greater stability m aikaline than m acid medium, and its biological activity was 
unaffected by concentrated urea solutions PTemcntal analysis revealed a 
composition charactenstic of proteins, with a "sulfur content of 150 per cent 
Cysteine was absent from tho molecule In a recent abstract, la (94) has 
reported that the growth hormone contains 3 06 per cent methionme and 255 
per cent cystme These x-alucs for the two sulfur-containing ammo acids satis- 
factorily accounted for the total sulfur of the protein Other amino aad anaiy- 
Bcs of the growth hormone protein (97) revealed 450 per cent tyrosmo, 0 02 per 
cent tryptophane and 13 40 per cent glutamic amd m tbo molecule ' 

The Oonadotrophtc Hormonee Tho marked atrophy of tbo 
occurs following removal of the anterior pitmtary gland early md 
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relationships between the pituitary body and the gonads These relationships 
were emphasized twenty years ago b/ the demonstration m two laboratones 
(164, 172) that precocious sexual maturity could be produced m immature nuce 
and rats by the implantation of either the whole pituitary gland or its anterior 
lobe At the present time it is well established that three gonadotrophic hor- 
mones are secreted by the antenor pitmtary gland These are the folhcle- 
stimulatmg hormone which causes the growth of Graafian folhcles preparatory 
to the release of ova from the female gonad and stimulates the sperm-forming 
tissue of the testes, the lutemizmg (or mterstitial cell-stimulatmg) honnone, 
which stimulates the mterstitial cells of the ovaries or testes and causes the 
formation of corpora lutea from prefonned Graafian folhcles, and prolactin, 
which has been shown to have a significant r61e m the regulation of the functional 
activity of the corpus luteum (52, 53, 55) Prolactm has been discussed pre- 
viously m this review 

The debate m the early hterature regardmg the umty or the multiphcity of the 
pitmtary gonadotrophic complex was greatly clarified m 1931 when Fevold, 
Hisaw and Leonard (63) succeeded by chemical fractionation m separatmg a 
folhcle-stimulatmg fraction of pitmtary extracts from one nch m lutemizmg 
substance This work was subsequently confirmed and extended, and culmi- 
nated m the isolation m hi^y purified form of two chemically distmct protem 
preparations, one of which has the physiological properties of the foUicle-stunu- 
latmg hormone, the other of the lutemizmg hormone (28, 29, 58, 60) CoflSn 
and van Dyke (34) have proposed the etymologically justified names, denved 
from Greek roots, of thylakentrm for the folhcle-stimulatmg hormone and 
metakentrm for the mterstitial cell-stimulatmg, or lutemizmg hormone 

Methods of assay The folhcle-stimulatmg hormone mduces the growth of a 
large number of Graafian folhcles, resultmg m^a gross mcrease m wei^t of the 
ovanes This forms the basis of a sensitive and highly specific assay method 
m the hypophysectomized animal Other assay methods are of unquestionable 
vahdity only m the absence of lutemizmg hormone The latter honnone may be 
assayed on the basis of its capacity to mcrease the weight of the ovanes of im- 
mature female rats when administered together with folhcle-stunulatmg hormone, 
or by its capacity to mcrease the weight of any one or all of the secondary sex 
glands of the unmature or hypophysectomized male rat 

Preparation of the foUicle-shmvlaiing hormone Although preparations of 
folhcle-stunulatmg honnone have been obtamed which are free of almost all 
traces of lutemizmg factor as well as of other pitmtary hormones, no smgle 
product has as yet been isolated which has only thylakentrm activity and 
satisfies aU of the usual cntena of protem punty Most of the methods de- 
scnbed for the purification of folhcle-stimulatmg hormone have been chiefly 
concerned with the problem of freemg the preparations of the lutemizmg sub- 
stance The chief types of procedures employed will be bnefly reviewed 

Sheep and hog pitmtary glands have been the chief startmg material for the 
preparation of folhcle-stunulatmg hormone Human or horse pitmtanes would 
be more logical sources if available m adequate supply, smce the pitmtary glands 
in these species are relatively nch m folhcle-stunulatmg prmciple and poor m 
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liiteimimg honnone Gonadotrophic activity is readily extracted {rom the 
fresh tffisuo or from acetone-desiccated pituitary powder by alkaline aqueous 
advents Fevold and hia colleagues (67, 68, 61, 62, 03) generally employed 
aqueous pyndme to extract acetone-dned pituitary glands, although any aqueous 
advent could be employed if the pH was more alkaline than 6 0 Extraction ivith 
water also gave an extract with gonadotrophic activity (129) The vanous ex 
tracts havo been subsequently fractionated m several ways m efforta to separate 
the two gonadotrophic prmciples Evans and his colleagues (49) have taken 
advantage of the greater solubility of thylakcntnn in ammonium sulfate solution 
Other mvestigatoTs (84, 85, 138) have employed a similar approach Fmenkel- 
Conrat, Simpson and Evans (71) obtamed a preparation of follicle-stnnulating 
honnone which on preliminary electrophoretic examination contamed chiefly one 
component However, no evidence was presented that the mam component was 
follide-stnnulatmg substance and, although their preparations were highly 
active in this principle, they still contained seme lutemiimg hormone 
Fevold (59) also reported the preparation of highly purified folBcle-stimulatmg 
hormone by using ammonium sulfate or acetone fractionation Advantage was 
taken of the relative solubility of the hormone m 46 per cent acetone at pH 45, 
under these conditions the lutemmng hormone exhibited limited solubility 
The most highly purified preparation of thylakcntnn obtamed by Fevold also 
contained contandnating metakentnn A considerable degree of separation of 
thylakentnn from metakentnn has also been achieved (164) by fractionation 
with alec^ol at —6 degrees centigrade At this temperature the lateimzmg 
principle was tnsoluble at 40 per cent alcohol concentration 
In 1938 MeShan and Meyer (126) made the mterestmg observation that 
tryptio digestion had a destruotive action on the luleinizmg factor but left 
follicle-fltimulating activity unimpaired This observation was also made 
mdependently by Chen and Van Dyke (26) Although this difference in 
stability of the two gonadotrophic hormones toward tryptic digestion was not 
confirmed by Abramowits and Hisaw (1), subsequent study by Chow, Creep 
and Van Dyke 00) revealed that the ba^ for the lack of agreement between 
the two laboratonee was the degree to which tryptic digestion had proceeded 
Thus, when crude hog pituitary extract was digested with trypsm, foUicle- 
stimulating activity still remained when proteolj^ had not exceeded 48 per 
cent of that theoretically possible At this point, lutcinismg activity was com 
pletcly destroyed However, when the extent of digestion was greater, follicle- 
stnnulating potency was also abolished These data have been confirmed by 
MeShan and Meyer (128) who utilised tWs mloTtnation to convert a crude ex- 
tract, containing both gonadotrophins, into a product havmg only foUicle-stnnula 
tmg activity Further application of tr y ptio digestion to the problem of punfica 
tion of the folhcle-stunulatmg hormone has been described recently by the same 
authors (130) However, not all of the foUiclo-atimulating preparations obtained 
were entirely devoid of lutemmng activity The newer, potent preparations had 
been freed of a fraction which had caused reactions m the human at the site of 
injection (41) 
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hormone has been accomphshed by Greep, Van Dyke and Chow (75, 77) 
mvestigBtors found that hog metakentrm is extremely insoluble mas 
consistmg of one-fourth molar acetate buffer (pH 4 4) and 20 6 per cent s 
sulfate, whereas thylakentrm is very soluble m this solvent The final pi 
proved free of luteinizmg activity even when mjected m hypophysectomize 
in amounts twenty-five tunes the minimum effective dose necessary to pi 
evidence of folhcle stimulation Absence of metakentrm was also demonsi 
m hypophysectomized rats by the use of the sensitive prostate method 
Moreover, the presence of metakentrm could not be detected even whe 
purified thylakentrm preparations were tested immunochemically agai 
rabbit antiserum to metakentrm (27) Tests for other pituitary prmciple 
lactogemc, thyrotrophic, adrenotrophic and postenor lobe hormones gav 
formly negative results In view of the apparent biological punty of the fc 
stumilatmg preparations, it was particularly disappomtmg to find by el 
phoretic and ultracentnfugal analyses that the products were mhomogeneoi 
polydisperse (28) In the separation cell of the Tisehtis apparatus it was po 
to isolate several fractions, representmg mixtures of components Examii 
of the distnbution of folhcle-stimulatmg activity m studies of this type mdi 
that the isoelectnc pomt of the folhcle-stunulatmg hormone was at aboi 
48 


Other properties of purified thylakeninn The solubihty behavior, re' 
atabihty toward trypsm, and the probable isoelectnc pomt of the folhcle-s 
latmg hormone have been described m the previous section Other prop 
of some of the highly purified products need only be mentioned smce they 
been obtamed on chemically impure preparations 
The suggestion that thylakentrm is probably a ^ycoprotem is based o 
observation (126, 127) that commercial preparations of ptyalm or takadis 
destroyed the foUicle-stimulatmg but not the luteinizmg activity of pitv 
extracts The carbohydrate could not be removed by dialysis or che 
fractionation Evans and his associates (48) have reported 10 to 13 per 
carbohydrate and 8 per cent hexosamme m their folhcle-stunulatmg fraction 
'sheep tissue Gunn (78) found 4 5 per cent maimose and 4 4 per cent hexosa 
m a preparation of swme folhcle-stunulatmg hormone 

Data on the behavior of folhcle-stimulatmg hormone on treatment 
ketene, cysteme and fonnalm have not been m consistent agreement and 
repetition under careful conditions when the hormone is available m pure i 
Reaction of the hormone with ketene at pH 6 0 for 30 mmutes (107) or treat 
with cysteme at pH 7 7 for 48 hours (70, 128) have been reported to rest 


inactivation of thylakentrm 

Purification of the luteinising hormone The luteinizmg hormone is pr 
m the pitmtanes of all ammals which have been studied As m the case ( 
other pitmtary hoimones, there appears to be a species difference m the qua 
of luteinizmg hormone present m the hypophysis Sheep pitmtary tissue 
eood startmg material for purification studies because of its relatively high 
tent of luteinizmg prmciple As will be mdicated below, there appear to 
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A later report (112) descnbed an alternative method of preparation and a 
physical-chemical study of the luteimzmg principle Evidence for the homo- 
geneity of the isolated protem was obtamed from detailed electrophoretic exami- 
nation, and from ultracentnfuge and solubihty studies Osmotic pressure 
measurements mdicated a molecular weight of 40,000 for the protem hormone 
The purified lutemmng hormone contamed (108) 100 to 200 rat umts per milh- 
gram, the umt bemg based on the repair of the mterstitial tissue of the ovanes of 
hypophysectomized rats 

Table 4 contains some of the published data permittmg a comparison of the 
physical and chemical properties of metakentrm prepared from hog and from 
sheep pitmtary glands The present evidence mdicates that the luteinuong 
activity 13 associated m the two species with chemically different pitmtaiy 


TABLE 4 


Comparison o] the properlies of luteinizing hormone preparations from hog and from sheep 

pituitary glands 



fiOO 

USXZf 

Sjo 

6 80 S (31)* 

3 6 8 (108, 112) 

Estimated molecular weight 

100,000 (31) 

40,000 (108, 112) 

Ifloelectnc point, pH 

7 46 (31) 

4 6 (108, 112) 

Tyrosine content 


4 6% (109) 

Tryptophane content 

3 8% (112) 

1 0% (109) 

Carbohydrate content 

2 0% (112) 

4 6% (112) 

Mannose content 

2 8% (78) 

4 6% (108) 

Hexosamine content 

2 2% (78) 

6 9% (108) 


* The numbers m parentheBes are bibliography references 


proteins This conclusion is supported by the demonstration (27) that hog and 
sheep metakentnns are unmunologically distmct Rabbit antiserum prepared 
by mjection of hog metakentrm reacted specifically with its homologous antigen, 
but not with sheep metakentrm or with any of the other known pitmtary 
hormones 

The Harvard laboratones have also conducted extensive studies of the purifi- 
cation of lutemmng hormone as part of an mvestigation designed to study the 
purification of all of the anteitor pitmtary protem hormones These mvestiga- 
tions were mtemipted by the advent of the war However, a significant degree 
of success was achieved m the concentration of several of the active prmciples of 
the pitmtaiy, mcludmg the lutemmng hormone The imtial pubhcation (64) 
has already been referred to m the discussion of the purification of thyrotrophic 
hormone The latter hormone was found distributed between two fractions, one 
of which was chiefly folhcle-stimulatmg and the other lutemmng The thyro- 
trophic hormone is more soluble m ammomum sulfate than is the luteini^g 
prmciple and this information was used m further purification of metakentm 
ffiO) Followmg removal of thyrotrophm, the lutemmng hoimone could be 
concentrated m fractions precipitated between 1 6 and 1 8 molar concentrations 
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o£ ammonium. auUate Further punficaUon was earned to the pomt where 
eleotrophoretic and ultmcentnfugal examination showed the presence of two 
main components m the final preparation Electrophoretio separation of the 
two components suggested that lutemirmg activity was present m the fraction 
representmg approximately 76 per cent of the total protem present 
Effect of oancnit agents on the luletmtxng hormone It has been previously 
pomted out that whereas the foUlcle-stimiilatmg hormone is relatively slowly 
inactivated by digestion with trypsm, luteinulng activity is rapidly destroyed 
by this proteolytic eniyme (26, 30, 126) On the other hand, luteimsmg hormone 
is not inactivated by pytahn or takadlastase under conditions which result m 
destruction of folhcle-stimulating activity (126, 127) Other inactivation 
studies which have been conducted with mipure luteinumg fractions need 
repetition with the purified hormone The data from these earher studies 
indicated that the luteinumg hormone was rapidly inactivated by kotene (107) 
and oysteme (70, 128) The stabihty of the hormone toward formalin has been 
studied In two laboratones (124, 104), one reported (104) a selective destruction 
of the luteinlsmg prmciple by this reagent, while the other (124) was unable to 
confirm this observation 


CONCLtrotNO RBUARKS 

The hormones of the antonor pituitary gland are proteins On the basis of 
the phyeiolot^cal evidence, there appear to be at least six recognised individual 
hormones, although there is some biological over lapping among certam of the 
antenor pitmtary secretions The existonoe of other hormones m the anterior 
pltuitaiy gland is not yet completely excluded Four of the protein hormones 
have been isolated in a homogeneous and highly purified state ns judged by the 
application of electrophoretio, ultracentnfugal and solubDity tochmques, 
althou^ the use of other cntena of establishing punty, e.g , biological assays 
and immunological bohaviar, may reveal nnpunties not detectable by physico- 
chemical methods The four most higddy purified antenor pituitary proteins 
are the lactogenio, the adrcnotrophic, the growth and the luteinlidng hormones 
The thyrotrophic prmciple has been isolated m highly purified form, but has not 
yet been examined by ngid criteria of protein punty The folhcle-st im u la t i ng 
hormone awaits further purification 

The isolation and chomcteruation of the hormones of the anterior pitmtary 
gland are problems of protem chemistry and have mvolved the methods of 
protem study The largo degree of success attendmg efforts to purify these 
hormones has been related to advances in knowledge of protem chemistry In 
the case of most of the hormones, the biological activity seems to bo intimately 
related to the protein nature of the active prmciple, and procedures which alter 
even sh^tly the protein structure result m a partial or complete loss of physiolog 
ical charactenstics A notable exception appears to bo the adrenotrophio 
hormone, smee a significant number of peptide liiikages of this protem have been 
cleaved by pepsm with a reported retention of biological activity 

The physiological responses produced by the anterior pitmtary hormones 
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cannot as yet be attributed to any specific portion of the various protein mole- 
cules Efforts to detect m the protem hormones non-ammo acid groups or 
active groupmgs of ammo acids to which hormonal function could be assigned 
have been unsuccessful At least three of the active prmciples, i e , thet hyro- 
trophic, the folhcle-stunulatmg and the lutemizmg hormones, contam carbo- 
hydrate m their structures Carbohydrate-sphttmg enzymes inactivate the 
folhcle-stimulatmg prmciple, and it has therefore been assumed that carbo- 
hydrate plays an important r61e m the biological activity of this hormone 
Defimte conclusions on this pomt must await repetition of the experiments with 
purified enzymes and more highly purified hormone Of considerable signifi- 
cance to the problem of the relation of the structure of the protem hormones to 
their biological activity is the recent demonstration by Pnce, Con and Colowick 
(136) of the tn tniro inhibition of hexokinase by crude antenor pitmtary extracts 
This important prehmmary demonstration of the effect of an antenor pitmtaiy 
hormone tn vitro may lead to a teat system m which, by the use of both purified 
protem hormones and of models of known structure, an approach would be 
possible to the problem of the relation of protem structure to hormonal action 
Certam physical and chemical differences exist among antenor pitmtaiy 
hormones isolated from different species These variations are most stnkmg m a 
comparison of the data for the lutemizmg hormone preparations obtamed from 
hog and sheep pitmtary tissue Prehmmary data (166) also suggest that the 
thyrotrophic hormone from beef glands may not be the same protem as the 
hormone from sheep pitmtanes Less stnkmg differences are seen between the 
lactogemc hormones from beef and sheep glands, smce variations only m tyrosme 
content and solubihty behavior have been observed On the other hand, the 
purified hog and sheep adrenotrophms, isolated by two ividely different pro- 
cedures, appear to be identical m every property which has been exammed 

REFERENCES 

(1) Abbamowitz, a a and F L Hisaw Endocrinology 26 633, 1939 

(2) Adieb, L Arch Entw Meoh Org 39* 21, 1914 

(3) Alien, B M Science 44 765, 1916 

(4) Andebson, E M and J B Colup J Physiol 82 11, 1934 

(6) Anselimino, K j , F Hoffmann and L Hebold Klin Wchnschr 13 209, 1934 

(6) Aeon, M Compt rend soc biol 102 682, 1929 

(7) Abchneb, B PflQger’s Arch 146 1, 1912 

(8) Abcoli, G and T Leonani Boll Soc med chir Pavio 24 1911 

(9) Abtwood, E B Endocnnology 28 309, 1941 

(10) Abtwood, E B and R Ttslowitz Fed Proc 1 pt 2, 4, 1942 

(11) Bates, R W Cold Spring Harbor Symposia on Quantitative Biology 6 191, 1937 

(12) Bates, R W Personal communication 

(13) Bates, R W and 0 Riddle J Pharmacol and Exper Therap 66 365, 1936 

(14) Bates, R W , 0 Riddle and R A Miller Endocrinology 27 781, 1940 
(16) Badbb, H and E Stbadbs Ber Chem Ges 68 1108, 1935 

(16) Bebquan, A J,0 B HodchinandC W Turner Endocnnology 26 647, 1939 

(17) Bebqman, a j and C W Tdbner J Biol Chem 118 247, 1937 

(18) Bbhomann, M and F Stern Ber Chem Ges 63 437, 1930 

(19) Bibchoff, H W and W R Lyons Endocnnology 26 17, 1939 



ANTERIOR PmnTAR\ H0RM0VE8 


005 


(20) Bombkoy, C Metbodik der HormoaTorBcbQDK 923 1937 0 Thleme Loipsif. 

(31) Boubkot, C akd L Sladoyic Ztechr physiol Chem 3U: 274 1040 

(22) BoNfiiTZfl, R W AND A White EodoeriBology 26t 990 1910 

(23) Bottomlet a 0 and 8 J Follet Nature 146 S04, 1940 

(24) Brand, E Pnvate communication 

(25) Brand, E and B Kassell J Biol Cbem 181 480, 1939 

(26) CnEN,G andH B VanDtxb Proc Soc Exper Biol and Med 40:173, 1039 

(27) Cscnr, B F Endocrinology 30t C57, 1942 

(28) CnoTT, B F Ann N Y Acad Scl 43i 300, 1W3 

(29) Chow, B F Advancea in protein chcmlBtry 1, 163 1914 Academic Preaa, N Y 

(30) Chow B F,R.0 Ghxbp and H B Van Dm J Endocrinology 1: 440, 1939 

(31) Chow, B F , H B Van Dm R O GREir A Rothen and T Shedlovbht En 

docrioology 80 660 1042 

(32) CiESEBZXo, L B J Biol Cbem 160: 685 1946 

(83) CtEREBZKo L 6 AND A White Fed Proo It 105 1942 

(34) CorrxN, H C and H B Van Dtre Science 93: 61, 1941 

(35) CoLLiF, J B j Mt Sinai Hoep 1 28 1034 

(80) Coujp J B J A.M A 116 2073 IWO 

(87) CoLUP, J B^E M AnocrbokanoD L Thoubon Lancet S: 347 1033 

(88) CoLUP J B , H Sblte and D L, Thomson Proc Soc Exper Biol and Med. 80i 

&44, 1033<^ 

(89) Corner G W , Sr Endocrinology 33 405 1943 

(40) CoHUTER, 0 B , F N Stone and E A Kabat J Getn. Physiol 19i 739, 1935-30 

(41) Dattb, M E and a a Hbllbaum J Clin Endocrinology 4t 400, 1944 

(42) Dinoeuanse £ Koogreesbericbt dca XVI Intematlonalen Pbysiologen Eongmas 

Free Verelnegang 8cbwe:i Pbyriologen Zurich p 820 

(43) Dinoeuanbe, E and J Freud Acta Brev Noerltnd 6 109 1935 

(44) Etanb H M Harvey Lectures 19 212, 1923-24 Williams A WiDdna Co Bal 

timore 

(45) Eyanb, H M J A M A 101 425 1833 

(46) Evans H M Assoc Rea Nervous and Mental Dis , Proo 17:175, 1938 

(47) Evans H M , R E CoRKian and M B Simpson Proc Boc Exper Biol and Mod 

27 101, 1929-80 

(48) Evans H M H L Fraeihced-Conrat M E Simpboh and C H Li Sdence 69: 

249, 1930 

(40) Evans H M K Koan,R,F Penchaki and M E Suirsow Unlv of Calif Pub 
in Anatomy 1 237 1936 

(SO) Evans, H M and J A Long Anat Reo 21 62, 1921 

(61) Evans, H M K Meter and M. E Simpson Unlv Calif Memoirs 11 805 1933 

(52) Evans H M it E Simpson and W R Ltons Proc Soc Exper Biol and Med 

46 : 588 1941 

(63) Evans H M ME Simpson W R Lyons and K Turpeinen Endocrinology 28: 

933 1941 

(64) Evans, H M , M E Simpson W Makx and E Kibrice Endocrinology 82: 13 

1943 

(65) Evans H M M K Simpson and K. Turpeinen Anat Roc Suppl 70:26,1037-38 

(66) Evans, H M N Utei, Q lU Bart* and M E Simpson Endocrinology 22: 483 

1938 

(67) Fevold n L Cold Spnng Harbor Symposia on Quantitative Biology 6 93, 1937 

(68) Fevold, H L In Sex and internal secretions 2nd cd WiDlams & WUkina Co., 

Baltimore 1959 Ed by E Allen p 8C6 
(60) Fevouj, H L Endocrinology 28i S3 1941 

(60) Fevold H L Ann N Y Acad Sci <3|321 1943 

(61) Fevold H L andF L Hisaw Am J Physiol 109 : 655,1034 



606 


ABRAHAM WHITE 


(62) Fevouj, H L , F L Hisaw, A Hellbaum and R Hertz Am J PhysioJ 104 

710, 1933 

(63) Fevold, H L , F L Hisa-w and S L Leonard Am J Physiol 97 291, 1931 

(64) Fevold, H L , M Lee, F L Hisaw and E J Cohn Endocrinology 26 999, 1940 

(66) Fleischer, G A J Biol Chem 147 626, 1943 

(66) Follet, S j Biol Rev 16 421, 1940 

(67) Follet, S J , F J Dyer and K H Coward J Endocnnology 2 179, 1940-^1 

(68) Fraenkel-Conrat, H J Biol Chem 142 119, 1942 

(69) Frafnkel-Conrat, H L , D L Meamber, M E Simpson and H M Evans En- 

doonnology 27 605, 1940 

(70) Fraenbel-Conrat, H , M E Simpson and H M Evans J Biol Chem ISO 243 

1939 

(71) Fraenkel-Conrat, H L , M E Simpson and H M Evans Proc Soc Etper Biol 

and Med 45 627, 1940 

(72) Fraenkel-Conrat, H , M E Simpson and H M Evans J Biol Chem 142 107, 

1942 

(73) Fraenkel-Conrat, J , H Fraenkel-Conrat, M E Simpson and H M Evans 

J Biol Chem 136 199, 1940 

(74) Gardner, W U and C W Turner Missouri Agnc Exp Sta Research Bull 

no 196, 1933 

(76) Greep, R 0 , H B Van Dtke and B F Chow J Biol Chem 133 289, 1940 

(76) Creep, R 0,H B Van Dtke and B F Chow Proc Soc Exper Biol and Med 

46 644, 1941 

(77) Greep, R O , H B Van Dtke and B F Chow Endocnnology 80 636, 1942 

(78) GxmiN, S Proc Soc Exper Biol and Med 49 48, 1942 

(79) Heerino, V V AND H M Evans Am J Physiol 140 452, 1943 

(80) Hereiott, R M j Gen Physiol 19 283, 1936-36 

(81) Herriott, R M and J H Northrop J Gen Physiol 18 35, 1934-35 

(82) BteTL, J G Acta Brevia Neerland 3 111, 1933 

(83) Janssen, S and A Loeser Arch exper Path u Phannakol 163 617, 1931-32 

(84) Jensen, H , M E Simpson, S Tolksdorp and H M Evans Endocnnology 26 

67, 1939 

(85) Jensen, H , S Tolksdorp and F Bamman J Biol Chem 136 791, 1940 

(86) Jorgensen, M N and N J Wade Endocnnology 28 406, 1941 

(87) JuNKMANN, K In Handbuch der biologischen Arbeitsmethoden, Abt V, Teil 3B 

2Halfte,p 1072,1936 

(88) Lambib, C G and V M Trikojos Biochem J 81 843, 1937 

(89) Lavin, G I AND J H Northrop J Am Chem Soc 67 874, 1935 

(90) Levin, L , G K Smelser, D H Moorf and A E Severinohads Endocnnology 

SO 171,1942 

(91) Li, C H J Biol Chem 146 633, 1942 

(92) Li, C H J Biol Chem 148 289, 1943 

(93) Li, C H J Biol Chem 166 46, 1944 

(94) Li, C H Fed Proc 6 144, 1946 

(96) Li, C H and H M Evans Science 99 183, 1944 

(96) Li, C H , H M Evans and M E Simpson J Biol Chem 149 413, 1943 

(97) Li, C H , H M Evans and M E Simpson J Biol Chem 169 353, 1946 

(98) Li, C H and A Kalman J Am Chem Soc 68 285, 1946 

(99) Li, C H , W R Lyons and H M Evans J Gen Physiol 23 433, 1939-40 

(100) Li, C H , W R Lyons and H M Evans J Am Chem Soc 62 2926, 1940 

(101) Li, C H , W R Lyons and H M Evans J Biol Chem 186 709, 1940 

(102) Li, C H , W R Lyons and H M Evans J Gen Physiol 24 303, 1940-11 

(103) Li, C H , W R Lyons and H M Evans J Biol Chem 139 43, 1941 

(104) Li, C H , W R Lyons and H M Evans J Biol Chem 140 43, 1941 



ANTEWOR PITUITAHT HORMONES 


607 


(105) Li, 0 H,W K Ltokb, M E SnfpaoN akd H M Etanb Science 90: 376 1039 

(106) li, O H,M E SnrpBOKANDH M Evans BdenoeOO 140,1939 

(107) Li, C H ME Siufson and H M Evans J Biol C;!bem 181:259 1939 

(108) Li, C E , M E SmnoN and H M Evans. Endocrinology 27: 803 1040 

(100) Li,C M E SnrrsoR and H M Evans Science 92: 355 1940 

(110) Li, C H., M E Bhifson and H M Evans Science 96 450, 1942 

(111) Li,0 H.,M E SncpsoN AND H M. Evans J Biol C)hem 146:627,1942 

013) Li,0 H,M E. SiupsoN AND H M Evans J Am (^bem Boo 64:8CT, 1942 
^18) Li,C H,M.E SiHnoNAKDH.M Evans Arch Biochem 0 : 259,1946 
(114) Loeb, L and E. B BASsxrrr Proc Soc Exper Biol Med 26: 860 1928-39 
^15) Lotser, a Arch exper Path u Phannalcol 166r693 1032 

(116) Luao J W H Biochem J 82 775 1938 

(117) Ltons,W R Proc Boc Exper Biol andMed 85:645,1936-37 

(118) Ltons, W H Cold Spring Harbor Symposia on Qusntitative Biology 6 IQS, 1937 
(110) Lyons, W IL Endocrinology 28: 161, 1941 

(120) Lyons W B and H R, Catcbpolt Proc Soo Exper Biol and Med 81: 299 

1933- 34 

(121) Lyons W R. and E Page Proc 6oe Exper Biol and Mod 82: 1949, 1934*^ 

(122) Minx W , E Anderson, CTO Fono and H M. Evans Proc. Soo Exper Biol 

andMed 58:38, 1948 

(123) Manx W,M E Suipson and H M Evans J Biol Chem 147:77, 1943 

(124) Maxwxix, L. C and F Biscnorr J Biol Chem 112: 215 1935-36 

(125) McShak, W B AND H E FsENcn J Biol CHiem 117:111,1937 

(128) McShan W H andR.E Meyeb J Biol Chem. 128 361,1938 

(127) McSban, W H and R, K. hlsYEB Proe. Boc Exper Biol and Med 40 701, 1939 

(12S) McSban, W H and R. E. hlEYER J Biol Chem 185: 473, 1940 

(129) McSban, W H and R E Meter J Biol Chem 161 259 1943 

(180) McSban W H and R. K. Meter. Proo Boc Exper Biol and hied 61 57, 1946 
031) McShan W H and C W Turner Proc Boc Exper Biol and Med 82: 3655 

1934- 36 

(132) Miller, Q L and W M Stanutt J Biol Chem 141 905 1941 

(133) Moon, H D Proc Soo Exper Biol and Med 85 649 193&<37 
034) Nelson W O Physiol Rev 16 488, 1936 

(185) Oboanon N V Chem Abs 84 8184 1940 

(186) Price W H C F Cori and 8 P Colowick J Biol Chem 160 03 3, 19 45 

(137) Riddle O andR W Bates In Sex and internal lecroUons 2nded Williams A 

WlUdns Co Baltimore 1939 Ed by £ Allen p lOSS 

(138) RiNDERKNEcnr, H and P C Wiluamb J Endocrinology 1 117, 1930 
(189) Rowiands, I W AND A 8 Parkeb Biochem J 28: 1820 1934 

(140) Sayers G , A White and C N H Long Proc Soc Exper Biol Med 63: 199 
(1943) 

041) Sayers Q , A White and C N H Loko J Biol Chera 149: 425, 1943 

(142) Bcbooint, j P , 0 Riddle and R. W Bates Am J Anat 69: 123 1941 

(143) ScHWENX, E Personal communication. 

(144) ScHWENK, E , O A Fi£ischer and 8 Tolksdorf j Biol Chem 1C7 636, 1943 

(145) Sevao, M- Q Biochem Ztechr 278: 419 1934 

046) SirvEHiKaiiATiB A E,L Levin and J A Chiles Jb Endocriiwlogy 23: 2S5, 193S. 

047) Shaw, J L. D andW D hfaFARLANE Canadian J Res B16: 361, 1033 J Biol 

Chem 132 : 387 1940 

048) Shedlovbkt T Ann K T Acad 8d 43: 256, 1943 

049) Shedlotskt T,A Rothek R. O Qreep, H B VahDtxeandB F Chow Sd 

ei>co92tl78 1940 

(160) Bhiflet, R. A K G Stern and A. White J Exper Med 69:786 1939 

051) SrupsoN, M E H M Evans and C H Li Endo^nology S3: 261, 1943 

052) Suim P E Anat Rec lit 57 10I&<17 



608 


ABEAHAM WHITE 


(163) Smith, P E Anat Rec 32 221,1926 

(164) Smith, P E Proc Boo Exper Biol and Med 24 131, 1926-27 
(166) Smith, PE J A M A 88 168, 1927 

(166) Smith, P E Am J Anat 46 206, 1930 

(167) Steen, K G and A White J Biol Chem 122 371 ,1937-38 

(168) Stbiokeb, P and F Gkdeteb Compt rend Soc Biol 99 1978, 1928 

(169) Thdeston, E W Arch Path 16 67, 1933 

(160) Tdbneb, C W In Sex and internal secretionfl 2nd ed Williams & Wilkins Co , 

Baltimore, 1939 Ed by E Allen, p 740 

(161) TrsiiOWiTZ, II Science 98 226, 1943 

(162) Van Dyke, H B The physiology and pharmacology of the pitmtary body Univ 

of Chicago Press, Cluoago Vol 1, 1936, Vol 11, 1939 

(163) Van Dyke, H B andZ Walden-Lawbence J Pharmacol andExper Therap 40 

413, 1930 

(164) Waeijbn-Laweence, Z J Pharmacol and Exper Therap 61 263, 1934 
(166) White, A Ann N Y Acad Sci 43 341, 1943 

(166) White, A In The chemistry and physiology of hormones 1944 Science Press, 

Lancaster, pp 1-26 

(167) White, A , R W Bonsnes and C N H Long J Biol Chem 143 447, 1942 

(168) White, A , H R Catchpoie and C N H Long Science 86 82, 1937 

(169) White, A and L S Cibbeszko J Biol Chem 140 cxxxix, 1941 

(170) White, A and G I Lavin J, Biol Chem 132 717, 1940 

(171) WriET, F H AND H B Lewis J Biol Chem 86 611, 1930 

(172) Zondek, B and S Abchheim Arch Gynfikol 130 1, 1927 



ORGANIZATION OF THE RESPIRATORS CENTER 

ROBERT F PITTS 

Dtparimenl of Phytioloijyf ComelZ Uniptmty ColUgt of Midicino New York N 1 > 

Quiet mspiration is an active process involving contraction of the diaphragm 
and the external intercostal muscles To accommodate the downwardly dis 
placed viscera the tone of the abdominal muscles is reduced As air enters the 
respiratory passages the vocal cords abduct and the bronchioles dilate In con 
trast, quiet expiration is largely a passive process mvohdng elastic recoil of the 
lungs, chest wall and diaphragm, assisted to some degree by the return of abdomi 
nal tone The volume of air moved at each respiration and the frequency of 
repetition of the movements are nicely adjusted to the metabolic demands of the 
body As these demands mcrease, more foreiblo contraction of the muscles of 
inspiration and active participation of both expiratory and accessory inspiratorj 
muscles move the greater volumes ofair necessary to meetthe demands. The 
simultaneous contraction of many muscles dermng their motor excitation from 
cranial, cervical and thoracic segments, the alternation of activity of inspiratory 
and expiratory muscles, and the adjustment of the acUvity of these muscles to the 
needs of the moment necessitate some central coordinating and integrating 
neoral mechanism This mechanism is commonly called the re8p]rator> center 
The purpose of this ^evle^^ is to summanee the available information concerning 
the morphology of the respiratory center and the properties of its constituent 
neurons, to develop an adequate concept of its functional orgamsation and to 
point out some of the obvious avenues of expenmcntsl approach which might 
lead to a soimder understanding of the central mechanisms of breathing 

Morphology op the medullary respiratory center. The neural mecha 
nisms responsible for the maintenance of rhythmic breathing understandabh 
mtrigued the early naturalists,* Galen (2) observed that section of the spinal 
cord in Its upper reaches mstantlv abolished respiration a fact confirmed bj 
Lorry in 1760 (3) But Legallois in 1812 (4) was the first to attempt a more pre- 
cise locahEation of the respiratory center By removmg ports of the brain of 
young rabbits he observed that breathmg depends not upon the brain as a whole, 
but upon a circumscribed region of the medulla oblongata near the origin of the 
pneumogastne nenes Indeed Legallois found that the cerebellum and a part 
of the upper bulb could be removed without scnously affectmg breathing 

The last half of the 19th centuiy was a period of intense Interest and of major 
advance m knowledge of the morphology of the respiratory center During this 
period the anatomical limits assigned to the center were progressively expanded 
Thus Flourcns (6) (6) described a vital node, the destruction of which abolished 
respiratory movements in both the trunk and face The ntal node presumabh 
approximated a mathematical point for it could be destroyed by thrusting a 

* For an Interating and complete review of ib« early work on the rceplrmtory center the 
paper of Cordier and Heymana (1) ■bould bo coosolted 
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punch less than a milhmeter in diameter mto the apex of the calamus scnptonus 
Later he (7) redescnbed the node as a bilateral structure, extendmg some 2 6 
mm on either side of the midhne m the caudal part of the medulla Schiff (8) (9) 
maintamed that Mourens’ vital node could be extirpated with impumty but that 
the ablation of the supenor and external parts of the ala cmerea arrested respira- 
tion on the correspondmg side of the body Gierke (10) contested the locahza- 
tiou of Schiff, mamtammg instead that deeper structures, namely, the nuclei and 
the fascicuh sohtaru (or respiratoni, as he termed them), constituted the essential 
controlhng mechanisms Mislawsky (11) beheved that the central nucleus of 
the medullary raphe represented the respiratoiy center 
In contrast to the above mentioned views identifymg the respiratoiy center 
with discrete medullaiy structures, there developed the concept that the center 
IS diffuse and represented by the scattered neurons which populate the reticular 
formation of the caudal half of the bulb Longet (12) was able to destroy the 
pyraimds and restiform bodies mthout affectmg respiration, whereas destruction 
of the reticular formation at the same level arrested breathmg instantly Utihz- 
mg methods mvolvmg serial transections, locahzed lesions and gross stimulation, 
Bechterew' (13), Kronecker and Marckivald (14), Marckwald (15), Gad and 
Mannesco (16) (17), Kohnstamm (18), Amheim (19) and others had by the end 
of the last centuiy contnbuted a mass of confirmatory evidence which firmly 
established the respiratory function of the reticular formation More recently 
this view has been confinned, considerably strengthened, and extended by the 
apphcation of exactmg physiological techmques not available to the earher inves- 
tigators Thus Gesell, Bncker and Magee (20) (21) recorded, by means of fine 
needle electrodes thrust into the intenor of the brain of a dog, the spontaneous 
nerve action potentials associated ivith breathmg Monmer (22), Pitts, Magoun 
and Hanson (23), Magoun and Beaton (24), Pitts (25), Beaton and Magoun (26) 
and Brookhart (27) usmg similar needle electrodes stimulated the mtenor of the 
bram of the cat, monkey and dog wth repetitive electnc shocks, and recorded 
the respiratory responses which were obtamed Comroe (28) mjected into the 
bram of the cat mmute quantities of buffered bicarbonate solutions of high carbon 


dioxide pressure and noted the respiratory responses mduced In each mstance 
the sites at which potentials were recorded, the sites of stimulation, or the sites of 
mjection were identified m senal sections of the bram, and maps were made defin- 
mg the precise limits of the respiratory center Such a map of the respuatoiy 
center of the cat is sho^vn m figure 1 Although the linuts of the center vary 


somewhat m the cat, monkey and dog, as naight be expected from gross differences 
m tlie morphology of the bulb, its general confines are remarkably similar in the 
several forms >^enerally speakmg, the respiratory center encompasses the 
medial and lateral reticular fields overlymg the rostral half to two-tlurds of the 
infenor ohvary nuclei In terms of more easily identifiable external landmarks, 
the center imderhes the caudal third of the floor of the fourth ventncle from the 
postenor borders of the auditory tubercles rostrally, to the obex or shghtly below 
caudally The center is bilateral and extends from the midhne to the restiform 
bodies It is limited to the reticular substance deep to the nuclear masses whic 
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fonn the floor of the fourth ventricle In the cat it has a volume of some 30 to 
50 cu mm. According to Knley (29) who studied the neuropathology of two 
cases of central respiratory faflure, the location of the respuntoiy center in man 
IS apprcwdmatoly the same 

It is generally accepted that this meduUaiy respiratory center with its afferent 
and efferent oonnectlons constitutes the minimum neural complement necessary 
for co-ordinate respiration and baaio respiratory adjustments. ITius an animal 
whose brainstem has been transected just rostral to the respiratory center, 
eidiibita hyporpnea when subjeoted to hypercapnia, anoxia and noxious stimuln 
tion, and apnea when hyperventilated or when the lungs are forcibly distended 
(30) (31) (32) (33) That more rostral levels of the bram moludmg the pons (34) 
(36) (36) (37), midbmln (16) (38) (39), diencephalon (40) (41) and cerebral cor 
tei (42) (43) (44) exert a powerful modifymg control over breathmg is likewise 


A B 



Fig 1 The location of the reepimtory center in the cat A dorsal view of the lower 
bralnatem after removal of the cerebellnm B, iranireree eeotion of the medulla oblongata 
at the level indicated by the heavy horiiontal line in A. (Prom Pitta R. F in Howell'a 
Teitboolc of phyriology (74) , modified from Pitta Magonn and Ranaon (23) ) 

generally admitted IVhether one wlsbos to term these subsidiarj respiratory 
centers, parts of a smgle but very diffuse respuatory center, or merely recognises 
them as nervous mechanisms which play on and modify the atbvltics of the 
medullary respuatory center is largely a matter of personal opimon. The re- 
viewer prefers the latter concept There are, however, sporadic assertions, for- 
mulated usually on inconclusive evidence, that the basic control of breathing is 
mediated through suprabulbar levels of the bram (46) (40) (47), not bj the medul 
lary respiratory center 

IhffereniuUum of tmpiratory and ex pi p i forp dmttont cf the rttpiTaiory center 
A maj orlty of investigators have found evidence of a morphological differentiation 
of the respiratory center into inspiratory and e-xpimtory divisions TTius Mis- 
lawsky (11), Kronecker and Marckwald (14), Gad and Marincsco (16), and 
Leirandowsky (48), utilising gross methods of stimulation, were among the first 
to demonstrate the oxistonce of separate inspiratory and expiratory centers. 
Recent werkers, cmploj'ing mere precise experimental methods, have shown that 
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the expiratory division of the respiratory center occupies the dorsal reticular 
substance, the inspiratory division the ventral reticular substance Thus 
Nicholson (49) irngated the floor of the fourth ventncle of the dog with cold 
Ringer’s solution and found that expiration w'as immediately depressed, whereas 
inspiration was at least imtially unaffected Imgation ivith a dilute solution of 
cocame (60) depressed expiration m a similar fashion, whereas stimulants such as 
mcotme and lobehne excited expiratory apnea As the depressmg agents (cold 
and cocame) acted for longer penods of time and penetrated to greater depths, 
inspiration was affected as iveU Polanzmg currents (61) apphed to the fourth 
ventncle produced respiratory effects which also mdicated the existence of a 
superficial expiratory center and a deeper inspiratory center 

Localized electncal stimulation has similarly provided evidence m the cat 
and m the monkey of morphologically distmct subdivisions of the respiratory 
center Pitts, Magoun and Ranson (23) using repetitive shocks of moderate 
mtensity and high frequency® observed that excitation of the dorsal reticular for- 
mation m the cat produced tome expiration, mamtamed for the duration of stimu- 
lation When the electrodes were advanced by as httle as 0 6 mm into the ven- 
tral reticular formation, the response changed to one of maxunal tome mspiration, 
hkewise mamtamed for the duration of stimulation Usmg these two responses 
to differentiate mspiratory and expiratory centers, the followmg relationships, 
diagrammaticaUy illustrated m figure IB, were detennmed The expira- 
tory center hes m the dorsal reticular formation just beneath the subventncular 
gray matter, dorsal to, extendmg shghtly cephahe to, and cupped over the 
cephalic end of the more ventraUy placed mspiratory center Beaton and Ma- 
goun (26) have shown that the centers are similarly differentiated m the monkey, 
although there are mmor differences m morphology m the two forms In the 
monkey the mspiratory center is confined to the ventro-medial reticular sub- 
stance, and the expiratory center surrounds it dorsally, laterally, rostrally and 
caudally 

In contrast, Brookhart (27), Gesell (62) and Bemthal (63) mamtam that the 
neurons which constitute the mspiratory and expiratory centers are mtimately 
mtermmgled and give no evidence of morphological segregation This concept 
IS based upon then observations 1, that electncal potentials tapped from the 
lower brainstem of the dog through fine needle electrodes are not spacially 
grouped mto those synchronous with inspiration and those synchronous with 
expiration, but appear to have a random distnbution (20) (21) , 2, that when the 
brainstem of the dog is stimulated with low frequency shocks of just threshold 
mtensity,’ no characteristic spacial distnbution of mspiratory and expiratory 
responses is observed (27) These mvestigators claim that the differentiation 

5 Stimuli were condenser discharges of an intensity of 8 volts, a frequency of 240 per 
second and a time constant of 0 1 m sec The frequency employed is near the optimum 
for shocks of such wave form 

* Shocks of an intensity of 0 6 to 1 5 volts and a frequency of 90 per second were employed 
Since intensity approached threshold and frequency was well below the optimum, it 
surprising that relatively minor changes in rate and amplitude of respiration were observed 
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described above, based on exploratoiy stimulation with shoclca of moderate m- 
tensity, can have no real meanmg, for they infer a physical spread of stimulatinE 
current bo great that any localisation of bulbar structures is impossible Fur 
thermore, they maintain that the maximal inspiratory and expiratory responses 
represent predominant excitation of neurons of one center, but because of their 
magnitude, such responsesmask the effcota of simultaneous excitation of adjacent 
neurons of the other center 

Each of these criticisms has been refuted in subsequent experimental studies, 
and the differentiation of inspiratory and expiratory centers has been reaffirmed 
Thus physical spread of current about the stimulatmg electrodes, when shocks of 
an mtensrty of 8 volts are employed, occurs within a sphere of tissue only 0^ to 
0 7 mm m radius (24) (25) Structures of known morphology can be localired 
withm the brainstem with an accuracy of ±0 6 mm , presumably the inspiratory 
and expiratory centers can be defined with equal accuracy (25) Phrenic motor 
neurons are caused to discharge impulses at hig^i frequencies when the inspiratory 
center is stimulated, and are inhibited when the expuatory center is stunulated 
Mixed responses such as those postulated above, i o , phrenic nerve discharge 
during expiratory center stimulation, or inhibition of discharge during inspiratory 
center stimuiation, were never observed (26) (64) (65) Stnnulation of the 
inspiratory center with shocks of just threshold intensity causes mcrcased fre- 
quency of dtsoharge of phromc motor neurons, some mcrease m respiratory mid 
volume and some acceleration of respiration Stimulation of the expuatory 
center produces the reicrso effects (64) If such minor responses are used as 
criteria for differentiating the mspiratory and expiratory centers, the localization 
obtained using stimuli of an mtcnsity of 0 9 volt is the same as that described 
previouaiy usmg stimuh of 8 volts (24) It would apjiear, therefore, that a re 
examination of the respiratory center in the dog usmg adequate stereotaxic methods 
and stimuh of moderate mtensity and high frequency would be worthwhile 
Comparative physiological studios on lower lertebrato forms would likewise con- 
tribute to a broader understandmg of the morphology of the respiratory center 

One valid criticism that may be directed agamst the stimulation method as a 
means of locahzing a motor center withm the brainstem is that it does not necos 
sanly distmguish between the true motor center, its emergent efferent pathways, 
and those afferent tracts which play upon it However, it has been shown m 
vanous ways that the maknnal mspiratory and expiratory responses ascribed to 
stimulation of the respiratory center actually result from activation of the center 
and not from excitation of afferent or efferent connections Thus stnnulation of 
known afferent and efferent pathways rostral or caudal to the respiratory center 
docs not yield the maxunal respiratory tesfioiisea which are charactenstio of the 
center (23) Furthermore a companson of the resjxinBes obtamed on stimulation 
of the two sides of the medulla some 2 weeks after mtracranial section of the 
glossopharyngeal and vagal rootlets on one side mdicates that the Intrabulbar 
termmations of these cranial afferents are in no wise mvolved m the rcsjionses 
(24) A companson of the respuatory responses obtamed after hcmisection of 
the spinal cord at the first cervical segment similarij indicates that tb- — ”* 
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pathways are not involved (23) Finally the identity of the responses obtained 
on stimulating the two sides of the medulla after chronic hemisection of the pons 
demonstrates that motor pathwajrs descending from higher levels are not imph- 
cated (24) 

Inteirdahons of the inspiratory and expiratory centers The reticular formation 
of the caudal portion of the bulb consists of motor type neurons scattered throu^ 
a complex meshwork of ascendmg, descending and crossmg nerve fibers so mtn- 
cately mterlaced as to defy histological analysis In the cat the neurons of the 
ventral reticular substance form a diffuse aggregation termed the inferior reticu- 
lar nucleus, which is co-extensive with the physiologically defined inspnatory 
center (66) The neurons of the dorsal reticular substance are smaller, fewer in 
number, and show nmdefimte nuclear groupmg Kappers (57) has pomted out 
that neurons tend to be grouped mto definite nuclei only when they receive their 
excitation from some single afferent s 3 ^tem Smce the neurons of the respiratory 
center receive impulses from many ascendmg and descendmg tracts and from 
cramal nerves as well, it is not surpnsmg that they are diffusely distnbuted 
throughout the reticular substance 

Despite this diffuse distribution, the neurons are mtimately united mto func- 
tional units by virtue of their nch s 3 Tiaptic mterconnections These linkages are 
of two types, excitatoiy and inhibitory The excitatory Imkages connect the 
constituent neurons of a given center, co-ordmate their activities, and provide for 
the simultaneous contraction of widely distnbuted respiratory muscles on the two 
sides of the body In contrast the inhibitory Imkages connect the two centers 
and provide for the mhibition of one group of respiratory muscles durmg the 
contraction of the group of opposite function 

The functional significance of these linkages is emphasized by the observation 
that all of the mspiratory muscles of the body can be caused to contract maxi- 
mally by the electncal excitation of only a small fraction of the inspiratory 
center, less than one-thirtieth of the whole (36) The simultaneous stimulation 
of a similar small fraction of the center on the opposite side of the midlme causes 
no increase m the depth of inspiration Hence all of the neurons of the inspira- 
tory center can be excited by impulses transmitted synaptically from a small 
stimulated focus Smce mspiration is mamtamed without mterruption by 
rhythimc respiratory movements for the duration of stimulation, it is obvious 
that all of the neurons of the expiratory center are simultaneously inhibited The 
inspiratory center is the dommant division of the respiratory center, for when 
the two centers are stimulated simultaneously the response obtamed is mspira- 
tion (36) 

The importance of the Imkages between the two halves of the respiratory cen- 
ter m co-ordmatmg the respiratory activities of the two sides of the body w^ 
demonstrated a number of years ago Lewandowsky (48) and Langendorff \w) 
(69) showed that if a deep sagittal mcision is made m the midlme m the cauda 
part of the bulb to sever these connections, and if the pulmonary afferents are 
ehmmated by section of the vagus nerves, mdependent respnatory rhythms ^ 
velop on the two sides of the body Furthermore m such a preparation cen 
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stimulation of one vagus nerve mhibits breathing only on one side of the body 
It 18 apparent that synohrony m contraction of the respiratory muscles on the tv o 
sides depends on local connections ahich link the two halves of the respiratory 
center at the bulbar level 

In normal eupneio respiration, only the mspiratory phase is active, but when 
breathmg is stimulated, both inspuatory and expiratory muscles participate 
Under such conditions the two groups of muscles contract alternately, and this 
alternation of contraction is an obvious conserjuenco of mhibitory connection 
which links the two centers The orderly and synchronous contraction of muscles 
of the facial, glossopharyngeal, laryngeal, pectoral, thoracic and abdommal 
groups on the two sides of the body is on the other hand a consequence of the 
excitatory coimeotiona which link the constituent neurons of each center 

Detctnding Tetpimiorg paUtwaj/s The neurons of the respiratory center send 
their axons to the nuclei of the 6th, 7th, 9th, 10th, 11th and 12th cranial nerves 
which supply the striated muscles of the jaws, mouth, nares, pharynx, larynx and 
tongue and the smooth muscles of the bronchial tree Their axons hkenise 
descend through the cervical and thoracic spmal cord to supply the diaphragm 
and the mtercostal and abdommal muscles These axons, fomung the descend 
mg respiratory motor tracts, course througji the anterior and anterolateral 
colunms of the spmal cord and for the most part are uncrossed (23) (66) (60) (61) 
Section of these pathways on one side at Ci causes ipsilateral respiratory paraly 
SIS , section on both sides causes immediate complete respiratory failuro and death 
In man traumatic lesions of the anterior columns of the spinal cord, as a conse- 
quence of fracture of the cervical spine, may cause such a high degree of respira 
tory inadequacy and anoxia as to lead to the development of a progressixe 
confusionai syndrome (62) 

Although the initial ipsilateral respiratory' paralysis from bemiseotion of the 
cord at Ci Is complete, recovery of function on the side of the lesion is prompt, 
and after 6 to 6 weeks both halves of the thorax and both leaves of the diaphragm 
become equally active (66) Obviously croesed connections exist within the 
spmal cord between the respiratory neurons on one aide of the bulb and the 
effector motor nuclei on the opposito side of the spmal cord Why some 4 to 6 
weeks are necessary normally for establishment of their function is something of 
a mystery Accordmg to Porter (63) that leaf of the diaphragm which is para- 
lyied by hemisection of the cord becomes immediately notii e when the opposite 
phrenic nerve is cut and the opposite leaf paralyrod Dcason and Robb (64) 
claim that crossing of impulses m the cord at a spinal level under these conditions 
IS a function of the mtensity of discharge by the inspiratory center Thus m 
hyperpnoio respiration crossmg occurs without section of the opposito phrenic, 
and with section of the phrenic, crossmg apparently results from the dyspncic 
condition of the animal In contrast, Rosenbluoth et al (66) believe that mere 
blockage of phrenic motor impulses, not central respiratoiy stimulation or even 
loss of afferent Impulses from the diaphragm, produces a local spinal change 
favormg crossmg Some very fundamental yet unrecognised characteristic of 
ccptral nervous mtegration must underlie the crossed phrenic phenomenon of 
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Porter Elucidation of this phenomenon i\ ould be a valuable contnbution to 
neurophysiology 

The nature of the respiratory neurar discharge The neural mecha- 
nisms by which the inspiratory and expiratory centers control the contractions 
of respiratory muscles have been elucidated by studies of impulses earned 
by individual motor fibers of penpheral respiratory nerves Adnan and Bronk 
(66) and Bronk and Ferguson (67) dissected small twigs composed of a few fibers 
from the phremc and mtercostal nerves, and recorded from them spontaneous 
potentials associated with breathing It was found that trains of impulses of 
low frequency, from 6 to 30 per second m eupnea, descend over the motor fibers 
to innervate the respiratory muscles Such frequencies of excitation are far 
below those necessary to produce fused tetanic contractions of the mdmdual 
muscle fascicles Howevei , the impulses earned by the several motor fibers are 
out of step and their muscle units twitch as 5 mchronously Hence the respiratory 
contraction as a whole is smooth and fluid In sma ll animals such as mice and 
rats the average frequency of impulses m eupneic breathmg is much higher than 
m larger animals such as the dog and horse (68) The total number of impulses 
discharged by an average neuron m a smgle respiratory cycle is about the same m 
all forms, for the cycle is much shorter m small animals than m large ones 

The finding of asynchronous discharge of impulses at low frequencies when 
recordmgs are made from small twgs containing few fibers stands m sharp con- 
trast to the inferences draivn from recordmgs made from whole nerve trunks 
Rqlant (45) (47) 69), studying potentials m the phremc trunk, mamtams that 
there is a high degree of synchronization of the mdmdual motor neurons and a 
basic rh 3 d;hm of dischai^e of about 90 per second. While the lack of synchrony 
evident m the potentials of few fiber preparations does not negate some degree of 
synchrony m whole nerves, certamly discharge frequencies of 90 per second m 
individual fibers are observed only m conditions of extreme dyspnea 

Motor mechanisms grading depiJi of breathing Three changes m the character 
of the respiratory motor discharge are responsible for the mcrease m amphtude 
and force of contraction of the respnatoiy muscles m hyperpnea The mdividual 
motor neurons discharge impulses at higher frequencies, previously qmescent 
neufons are reermted, and the duration of the trams of impulses discharged by 
the mdividual neurons is mcreased (33) (54) (66) (67) (70) (71) An mcrease in 
impulse frequency from 20 to as high as 100 per second or morehas been observed 
m phrenic motor neurons followmg clampmg of the trachea (66) But probably 
of more significance m increasing respiratoiy depth is the factor of recruitment, 
for m eupneic breathmg only a small fraction of the mspiratory motorneurons 
and even fewer expiratorv motor neurons discharge impulses With respiratory 
stimulation these quiescent neurons are progressively reermted, and the total 
force of respiratoiy contraction mcreases accordingly In eupnea many mspira- 
toly neurons discharge only a few impulses at the peak of mspiration, butm 
hyperpnea these neurons begm to discharge early m the mspiratoiy cycle Thus 
additional muscular force apphed at the start of mspiration speeds the mtake 
of air 
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The Btatement of Adnan and Bronk (86) that recmilment of phrenic motor 
neurons plays no r61e m the mcreased diaphragmatic excursion of hyperpnea is 
frequently referred to, but has no basis m fact, for recruitment has been re 
peatcdly observed m subsequent studies (33) (64) (08) (70) Their error is per- 
haps a tribute to their technical skill m dissootmg from the phremc trunk what 
truly must have been single nerve fibers The reviewer m attempting similar 
dissections has usualiy spht off twigs composed of several fibers, which mvanably 
demonstrated recruitment 

The pattern qf rttptraiory motor dtttitarge Geseli et al (20) (21) (68) (70) (72) 
have pomted out that the frequency of impulses discharged by inspiratory neu- 
rons characteristically is low at the start of inspiration, and gradually augments 
as the cycle proceeds, to reach a maximum at the peak of induration Some 
neurons discharge throughout the mspiiatory cycle, others are recruited only 
after mspiration gets well under way Such a pattern of impulses provides for 
a muscular contraction of gradually mcreasing strength to overcome the mcreas 
mg elastic resistance of the expanding thorax. The inspimtory discharge ceases 
abruptly at the end of inspiration, freemg the potential energy stored m the 
thorax m the form of elastic tension Air is expelled from the lungs, at first 
rapidly and then more gradually, as this store of potential energy is dissipated 

When breathing is stimulated so that expiration becomes an active process, the 
pattern of impulses discharged by expiratory neurons may be seen to differ from 
that of Inspiratory neurons The frequency characteristicaliy is higji at the start 
of expiration and gradually dechnea as the chest volume is reduced The apph 
cation of maximum muscular force at the start of expiration speeds the expulsion 
of air early m the cycle when thoracic volume is greatest Some expiratory 
neurons, however, diwharge at a constant rate throughout the expmatory cycle, 
starting and stoppmg with equal abruptness Geseli believes that these units 
may bo more concerned with the mamtenancc of proper -vTsceral and body posture 
than with the movement of air 

Harminc peopehties exhtetted bt the eespibatoet centeb. The neurons 
of the respiratory center exhibit two types of rhythmic processes, the rhythmic 
discharge of trams of repetitive impulses and the rhythmic alternation of phases 
of activity and quiescence The former we shall term the rhythm of the genera 
tion of tmjndeee, the latter, the rhythm of breathing 

The rhythm of the generation qfimpuUe* The neurons of the respiratory center 
are sensitive to their chemical environment, showing a type of specialisation not 
dissimilar to that of certain peripheral chemical receptor elements such as the 
teste buds or the carotid glomus receptors Specifically these neurons ore scnsl 
tive to the carbon dioxide pressure of the arterial blood, responding with an 
mcreased rate of discharge to a rise in arterial partial pressure The> arc prob 
ably likewiso sensitive to changes m thehydrogen ion concentration, temperature, 
oxygen pressure and rate of flow of the arterial blood which perfuses the medulla 
But like other neurons thej are excited by nerve impulses dehvered to them over 
collaterals of the major ascendmg afferent tracts, the entering sensory divisions 
of the cranial nerves and a number of deseendmg motor projection systems 
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The rate of discharge of impulses and the numbers of neurons active is finally 
deterauned by the sum of all the excitatory and inhibitory influences actmg on 
them For any given short mterval of time, the sum of these influences can be 
considered as more or less constant How does such a constant stimulus acting 
on the respiratory neurons cause them to discharge repetitive impulses, and how 
does an mcrease m such a stunulus mcrease their rates of discharge? 

Adnan and Zotterman (73) proposed a scheme to explam the repetitive dis- 
charge of penpheral receptor organs when acted upon by a constant stimulus, 
which, with appropriate modifications has been apphed by Pitts (74) to the re- 
spiratory center Figure 2 presents m diagrammatic form the basic elements of 
this scheme When a motor neuron discharges an impulse it becomes absolutely 
refractory for a penod of 1 or 2 miUiseconds, and then gradually recovers its 
excitabihty during a relatively refractory penod lastmg many milliseconds 
Eventually its excitabihty returns to normal (75) A hypothetical curve of 
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Fig 2 A diagraminatio repreaentation of the meDhaniBm of repetitive activity of a 
respiratory motor neuron based upon the tune course of its recovery of excitability follow- 
mg the discharge of an impulse (From Pitts, R F , in Howell’s Textbook of physiology 
(74)) 


excitabihty for a smgle neuron of the respiratory center following the discharge 
of an unpulse is plotted m figure 2 m bold face An absolutely refractory penod of 
2 milhseconds dunng which excitabihty is zero, is followed by a relatively refractory 
penod of 100 or so milliseconds, dunng which excitabihty returns gradually to its 
normal restmg value We may plot as horizontal hues A, B and C, three levels 
of mamtamed exatation, representmg the sum of all stunuh actmg upon the 
neuron under three different conditions Let us assume that such stunuh actmg 
on the neuron do not prevent it from recovermg its excitabihty, and let us further 
assume that a second impulse will be discharged when the excitabihty of the neu- 
ron recovers sufficiently so that its threshold is exceeded by the sum of aU the 
stunuh actmg upon it It is obvious from figure 2 that a second impulse will 
be discharged after 100 milliseconds at mtensity A, after 50 milhseconds at m- 
tensity B, and after 25 milhseconds at mtensity C Following the discharge 
of this second impulse the entire cycle is repeated It is thus evident that im- 
pulses will be discharged repetitively, and that an mcrease m the mtensity of the 
stunulus actmg on the neuron will cause it to discharge at a higher frequency 
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For the intensitieB indicated on the graph, the hypothetical discharge frequencj 
vn\i vary from 10 to 40 impulsea per eecond 
Gesell (62) (76) has expanded this view and developed an electrotonic con 
cept of the mode of ongm of ihythmio impulses There la assumed to exist a 
potential gradient between the dentntic processes and the axon hillock of the 
neuron such that current flows between these pomte * As shown m figure 3 
the current flows from dendrites to axon hDlock within the soma and m the re- 
verse direction in the surrounding medium This eleotrotonic current emerging 
from the axon hillock is presumed to constitute the mamtamed stunulos referred 
to above, and to cause the repetitive generation of impulses at this pomt The 
magmtude of this current, which fundamentally determines the frequency of 



Fig 8 AdUgnmmAticrepreeentaUoaof the eleetTOtonio concept of serve call dUchargf 
(From OtseU, Bdenco (70) ) 

dischaige of the neuron, is affected both by the chemical environment of the cell 
and by the nerve impulses imping^g on the celL 

The mode of action of this chemical environment, specifically that of carbon 
dioxide, has received considerable attention Haldane (77) believed that the 
respiratory center is exquisitely sensitive to the hydrogen ion concentration of 
the blood and that carbon dioxide acts as a stimulant by virtue of its properties 
as an acid when dissolved in blood, a view recently revived by Banus et al (78) 
Gesdl (79) xnaintainB that respiration is regulated not by the hydrogen ion con- 
centration of the blood but by that of the mterior of the respiratory neurons into 
which carbon dioxide, but not other acids, diffuses rapidly Kielsen (80) and 
Schmidt and Comroe (81) hold that carbon dionde as a molecular species acts as 
a respiratory stimulant independent of Its properties os an acid Recently it has 
been shown that carbon dioxide is metabohted by certain tissues (82) altering 
their rates of oxjgen consumption (83) and rates of ^ycolysiB (84) Perhaps 
such metaboho effects of carbon dioxide tmderiie its stimulating action 

♦TU» eoncept of londtodlnsl polarixaticn of the nerve cell body wm fint cloerly 
expressed by Qereiti (139) (140) 
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Within the past few years Gesell and his co-workers have developed an acid- 
hnmero-electrotonic theory capable of explaining on a unitary basis both chemi- 
cal and nervous excitation of respiratory neurons Acetylcholme deposited at 
the synapses by impmgmg nerve impulses is presumed to generate the potential 
differences upon which the flow of electrotomc current depends They postulate 
that the potential difference at any moment depends upon the total quantity of 
acetylcholine pooled at the neuron This total humoral pool is the resultant of 
the rate of its 83Tiaptic hberation, i e , number of impmgmg impulses, and its 
rate of destruction, i e , the activity of chohnesterase An mcrease m the hydro- 
gen ion concentration of the blood and body flmds diminishes the rate of enzy- 
matic breakdown of acetylcholme, resultmg m a greater poohng of the humor at 
the respiratory neurons Thus the stunulatmg effects on breathmg of an m- 
crease m hydrogen ion concentration of the blood whether produced by acid or 
by the inhalation of carbon dioxide is envisioned to be the consequence of its 
antichohnesterase activity (85, 86) 

One rather mtngumg aspect of this theory hes m its explanation of both ex- 
citation and inhibition on the basis of a smgle neurohumor ® Thus excitatoiy 
effects are mediated through those synapses which deposit acetylcholme on the 
dendntes and soma of the neuron, mcreasmg the potential difference between 
these regions and the axon hillock An mcrease m potential difference mcreases 
the flow of electrotomc current and the rate of discharge of impulses On the 
other hand inhibitory effects are mediated through those synapses which impmge 
on the axon hillock The deposition of acetylcholme m this region diminishes 
the potential difference between dendntes and hillock, thus reducmg the flow 
of electrotomc current and the rate of generation of impulses 

The theory of acid-humero-electrotomc control of breathmg has been tested 
by rather mdirect means A number of simple model systems such as the cold- 
blooded heart (87), rectus abdominis muscle (88), and sahvary gland (87) be- 
have with respect to nerve stimulation, apphcation of acetylcholme and acidi- 
fication m accordance with the theory Similarly the respiratory effects of pe- 
npheral nerve excitation, inhalation of carbon dioxideandadmmistration of esenne 
and atropme may be broadly mterpreted as supportmg the hypothesis (90) 
(91) However, the theory if correct can be firmly established only by devismg 
cntical e^qienments which will test directly m the respiratoiy center each of its 
basic tenets This will be a techmcal problem of no mean proportions 

The rhythm of hreathxng There have developed two divergent views of the 
factors underlymg the rhythm of breathmg On the one hand this rhythm is 
considered to be an expression of an inherent automaticity of the neurons of the 
respiratory center, i e , the mdividual reqjiratory neurons when freed of all 
afferent regulatory control, still discharge impulses m rhythmically repeated 
trains On the other hand this rhsrthm is considered to be an expression of the 
penodic mterruption of a mamtamed tome discharge of the medullary re^iratory 

‘ The basio concept of excitatory and inhibitoiy poles of the neuron had been devel- 
oped previouBly by Gerard (139) (140) and is equally applicable whether the synaptic 
exciter is humoral or electrical 
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center by two inhibitory mechaniams, the one a vagal reflex mechanism, the other 
a brain stem mechanism, the pneumoiaxic center 

The concept of inherent rhythmioity of the respiratory center Is based upon the 
following hnes of evidence Rosenthal (92) found that breathing, although 
modified, remains rhythmic after transection of the brainstem between the su 
penor and infenor colUcuU and section of the spmal dorsal roots and cranial 
nerves Winteratem (03), Adrian and Bronk (66) and Gesell (70) noted that 
rhythmic bursts of impulses can be recorded from the respiratory motor nerves 
of curansed animals in which all respiratory movements had been abolished 
Adrian and Buytendijk (94) observed rhythmic potentials of a frequency ap* 
proximating that of the normal respiratory movements in the isolated brainstem 
of the goldfish Heymans and Heymans (96) noted that rhythmic respiratory 
movements of the larynx persist In the isolated perfused head of the dog Smee 
these procedures, Involvmg more or leas complete surgical and pharmacological 
deafferentation of the brainstem, do not aboli^ the rhythm of breathing, the con 
elusion that the respiratory center is Inherently rhythmic seems superficially to 
be a reasonable one It must be realised, however, that the evidence is of a 
negative sort, Le , these stated procedures do not abolish the rhythm of breath- 
ing In fact, as will be evident subsequently, none of them abolish the inhibitory 
functions of the pneumotaxic center 

A number of theories have been advanced to account for this presumed auto- 
maUaty of reeplratory neurons Thus Adnan and Buytendijk poetulated that 
the respiratory neurons ore progressively depolanied during activity and re- 
polarised dating quiescence Head (90) Implied that the neurons comtain some 
Imutod store of energy^roduemg materials which are utUiEed during the phase of 
activity and restored during quiescence Gesell (62) beUeved that summation of 
snbnormality during the phase of activity reduces excitability to a point where 
discharge ceases, whereas normal excitabUity is recovered during quiescence. 

Evidence that the Aythm of breathing is impressed upon the neurons of the 
respiratory center by inhibitory mechanisms acting from without was first ad- 
vanced by Marckwald (14) (16) (97) He observed that if the bnunstem of a 
rabbit is transected through the pons, i e , below the inferior colheuh, respiration 
remains normal so long as the vagus nerves are intact But upon section of the 
vagi, the nnimal inspires deeply and the chest is held in a fixed position of m- 
Bpiration until death ensues from asphyxia If the transection is made at a 
hi^er level, 1 e , between the superior and inferior coUiculi, section of the vagus 
nerves merely leads to slowing and deepening of breathing Therefore there hes 
between these two levels of transection, presumably in the inferior coIliDuli, 
a mechanism capable of mamtammg rh3dihmic breathing when the vagus nerves 
are cut Marckwald concluded that the medullary respiratory center has no 
inherent Aythm of its own but mediates maintained tonic incpiration, or Insplra 
tory cramp as he termed It Two inhibitory mechanisms, Ae one a vagni reflex 
mechanism, Ae oAer a mechanism located in the inferior colUcuh, serve A in- 
terrupt this inspiratory cramp and convert it inA rhythmic respiration EiAer 
mechanism alone is capable of conferring AyAmlcity on Ae respiraAry cenAr 
In normal breathing Ao vagal mhlbiAry mechanism plays Ao major r61e 
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The findings of Maxckuald were confinned by a number of his contemporanes 
mcludmg Loewy (98), Asher and Luscher (99), Lewandowsky (48) and others, 
But Schrader (100) and Langendorff (101) studying respiration m the frog failed 
to obtam evidence of either inhibitory mechanism In general the results of 
Lumsden (102, 103, 104) on the cat are in accord with the views of Marckwald 
with the foUowmg noteworthy exceptions Lumsden placed the bramstem m- 
hibitory mechanism in the rostral few millimeters of the pons, not m the infenor 
colhcuh as had hid predecessors Furthermore he mamtamed that the exclusion 
of this region, which he termed the pneumotaxic center, abohshed rhythmic 
breathmg even though the vagi were mtact The mspiratory cramps or ap- 
neuses as he called them represent the release of the mspnatory center from 
rhythmic inhibition by the pneumotaxic center 
Observations of Henderson and Sweet (105), Teregulow (106) and Hess (107) 
were more m accord with those of Marckwald than with those of Lumdsden 
However they mterpreted apneuses as postural manifestations of decerebrate 
ngidity, not as respiratory phenomena In somewhat the same vem Nicholson 
and Hong (108) have recently descnbed, as a consequence of pontile deoerebra- 
tion and vagal section, an mcrease m inspiratory tone of the thorax wjth super- 
imposed rhythmic respiratoiy movements 
The earher hterature on the r61e of the pneumotaxic and vagal reflex mech- 
anisms m contnbutmg rhythmicity to breathmg is both confusmg and mtngu- 
ing That the vagus nerves and a nervous mechanism located m the bramstem 
rostral to the medullary respiratory center together exert a profound mfluence 
on the rhythm of resputition is evident But the significance of these mecha- 
nisms has long been a subject of controversy Recent mvestigations of Stella 
(30, 31, 35) and Pitts et al (32) (33) (36) have advanced our knowledge of these 
mechanisms and have permitted a formulation of their r61e m respiration In 
general the concepts ongmally outhned by Marckwald have been confirmed 
It has been shown that the pneumotaxic center is a bilateral structure situateil 
for the most part m the upper few millimeters of the pons (35) (36), but extendmg 
m reduced form as a scattered collection of neurons down mto the medulla (33) 
The persistence of this small medullary remnant m an animal whose bramstem 
has been transected through the pons may account for the very slow apneustic 
rhydhm of breathmg which has been observed occasionally after vagal section 
The pneumotaxic center is connected with the medullary respiratory center by 
ascendmg and descendmg pathways which course through the lateral parts of 
the medulla and pons ventral to the bulbar tngemmal tracts (36) Locahzed 
electrolytic lesions so placed as to mtemipt these pathways, or transection of the 
bramstem caudal to the pneumotaxic center have no effect on eupneic breathmg 
nor do these procedures alter the response of the medullary respiratory center 
to vanous repiratory stimuh (31) (33) (35) (36) Thus rate and depth of res- 
piration mcrease m a normal fashion when carbon dioxide is administered (30), 
when cutaneous afferent nerves are stimulated (36), and when the carotid glomus 
IS excited (31) The apphcation of cold thermodes to block the vagus nerves or 
secion of these nerves abolishes rhythmic breathmg and leads to the development 
of apneusis The depth of apneuas is mcreased by those same stimuli which 
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increase the rate and depth of rhythmlo respiration Apneuais is, therefore, a 
respiratory phenomenon, and not a postural manifestation of decerebrate 
rigidity This view is home out by the observation that transection of the brain 
stem immediately caudal to the inferior coUiculi produces decerebrate rigidity, 
but amce the pneumotaioo center remains mtact, apneusis does not result when 
the vagi are subsequently blocked (32, 36) 

One vagus nerve or one-half or less of the bdateral pneumotaxio center m 
functional ooimeotion with the medullary respiratoiV center is sufficient to main- 
tarn rhythmic breathmg (32) When these inhibitory Influences are completely 
abolished and apneusia produced, mtermlttent stimulation of the expuatory 
center or of the central end of one vagus nen e restores the rhythm of breathmg 
(36) Both procedures effect a rhythmic inhibition of the tomcally active in 
spiratory oenter, and thus convert the mamtamed inspiration into a senes of 
intermpted inspiratory movements The pattern of the motor neural discharge 
responsible for these artificially mduced respiratory movements is identical with 
that of normal rhythimo breathmg (33) This fact provides strong support for 
the view that normal rhythmic breathmg results from intermittent inhibition of 
the tonically active inspiratory center by vagal afferent nnpulses 
TuNCnONAI, DJTEiraEnATIONBHIPS OP THE HESPIRATOHT COMPLEX The 
functional interrelatlonahips of the medullary respiratory center, the vagal 
inhibitory meohanism and the pneumotaioo center have been summanied by 
Ktts (33) (74) The basic elements of this orgamsation are presented m dia- 
Branimatic form m figure 4. The neurons of the respiratory center, sensitive 
to their chemical environment and to nerve impulses unpmgmg upon them 
discharge impulses repetitively These impulses, transmitted over the central 
respiratory pathways to cranial and spinal motor nuclei, are relayed out over 
peripheral motor nerves to cause contraction of the respiratory muscles 
The neurons of the inspiratory center are more excitable than are those of the 
expiratory center, and m eupnea breathmg is largely an inspiratory process 
^Vhen respiration is stimulated either chemically or as a result of an mcreased 
Inflow of excitatory afferent impulses, less excitable neurons are recruited and 
those previously active discharge at higher frequencies. Inspiration is deeper 
and fuller and expuation becomes active 
^Vhen the medullary respiratory center is isolated from the major inhibitory 
influences mediated through the pneumotanc center and the vagus nerves (cf 
dashed hues In fig 4 mdicatmg transection of the pons and section of the irngus 
nerves) maintam inspiration or apneusia results. The more excitable neurons 
of the mspiratory center discharge a contmuous senes of impulses. Because of 
reciprocal connections between the two centers, the expiratory center Is inhibited, 
and the rhythm of breathing is abolished The greater the chemical or synaptic 
drive acting on the respiratory center, the higher is the frequency of discharge of 
the mdividuai inspiratory neurons, ^e greater the number of neurons active, 
and the deeper the mamtained inspiration Thus regulation of the depth of 
breathmg is dependent upon the properties and organiaation of the respiratory 
center and its penpheral effector pathways 
As the lungs expand In inspiration the stretch receptors of the pulmonary 







oboahization or thb bespiratobt center 


626 


Tho pneumotaxic center eerves an JnhJbitory function much like that of the 
va^ reflex mechanrsm but differs in that it lies wholly withm tho brainetem 
(cf fig 4) Impulses ongumtmg withm the mspimtorj center are transmitted 
roetrally over ascendmg pathways m the lateral part of the tegmentum of the 
hrainstem (32) These impulses are relayed through the pneumotaxic center and 
returned over descendmg pathways to excite tho expiratory center When this 
barrage of impulses reaches a suSicient mtensity, tho m^iratory center is m- 
hibited and the circuit ceases to function As activity of the eiqiiratory center 
declines, the inspiratory center cscapea from inhibition and the cycle is repented 
In eupneio breathing the vagal mechanism is dominant and the pneumotaxic 
center subsidiary, whereas m tho polypnea of thermal or decorticate pnntmg the 
reverse is true (82, 113, 114) In all instances after section of the vagus nen es 
rhythmicity of breathmg depends upon the inhibitory functions of the pneumo- 
taxio mechanism Failure to chmmate this mechanism m the surgical and phar- 
macological deafferentations of the respiratory center described earher (66, 70 
92, 93, 04, 96), accoimts for the persistence of rhythmicity of breathmg which was 
erroneously ascribed to inherent automabcity of the medullary respiratory center 

The heoulation or the activitt op the nBSPtRATOHT cKNTEn. An ac 
count of the nature and rAle of tho many neural and chemical factors which 
regulate ventilation is beyond the scope of this review A number of excellent 
summaries have appeared withm recent years which tho mterested reader may 
consult for detailed information (1, 52, 63, 79, 81, 116 116, 117) Suffice it to 
indicate here m general terms how these several factors affect the neurons of the 
respiratory center 

Sermtmty qf the TeepiraUny neurons to Omr ermronmmi That carbon dioxide 
Is the cbermcal stimulant par excellence of the neurons of the respiratory center 
was amply demonstrated by Haldane and his co-workers (118, 119, 120) In oup 
nea ventilation is so regulated as to maintom the partial pressure of carbon dioxide 
m the arterial blood perfusmg the respiratory center at a relatively constant 
value near 40 mm Hg Any morease m carbon dioxide pressure causes an in 
creaae m the respiratory motor discharge, anj decrease diminishes the discharge 
That these respuratory effects are meduited m large part through a direct action 
of carbon dioxide on respiratory neurons has been demonstrated by their persis- 
tence in undimmished form following denervation of the carotid and aortic 
chemo-reeeptors (121 122, 123) 

The neurons of the respiratory center are likewise stimulated directly though 
to a lesser degree by a use m temperature, by a decrease in flow and by an m- 
crease m acidity of the arterial blo^ perfusmg the medulla A decrease in oxy- 
gen pressure on the other hand primarily depresses the respiratory neurons (121, 
124) 

The nervous regulation of breathing Except in conditions of eupnea, nervous 
mechanisms, both reflex and voluntary, play a more significant rAle m the 
regulation of ventilation rbnn does the scnsilivity of tho respiratory center 
to its environment (116, 117) Even m eupnea, os pomted out above, the 
Henng Breuer mhibitory reflexes are intimately concerned with rhythmicity of 
breathing 
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It IB generally agreed that respiratory stimulation m anoxia depends upon 
reflex excitation of the mspiratory and expiratory centers by impulses from the 
carotid and aortic glomi (121, 125, 126) transmitted to the respiratory center 
over the glossopharyngeal and vagus nerves These chemoreceptors are like- 
wise sensitive to mcreases m carbon dioxide pressure and hydrogen ion concen- 
tration of the blood, although it is probable that their sensitivity is of a lower 
order of magmtude than is that of the neurons of the respiratory center (122, 123) 
Some claim that chemo-receptor reflexes play a more or less promment ^le m 
the regulation of ventilation m eupnea (127, 128) , others mamtam that they are 
active only m such emergency states as anoxia, severe hypercapnia and acidosis 
(129) 

The major ascendmg sensory tracts and cranial sensory roots give off collaterals 
to the inspiratory and expiratory centers m their passage through the medulla 
Propnoceptive afferents from thoracic muscles exert a regulatory control over the 
depth and rh3dhm of breathmg (130, 131) Noxious stimuh apphed to the sign 
and deeper somatic structures excite hyperpnea, apphed to the respiratory pas- 
sages they produce apnea Passive movements of the limbs reflexly stimulate the 
respiratory center (132, 133) Distention of the great vems and nght atnum 
by a rise m venous pressure mcreases ventilation (134) An mcrease m arterial 
pressure reflexly mduces apnea, a fall leads to hs^perpnea (135) 

In man voluntary control of respiration is important m such activities as 
speakmg, smgmg, whisthng, blowing, strammg, etc This control depends on 
regulatory nerve impulses impmgmg on the respiratory center over pathways 
which descend from the cerebral cortex (42, 43, 44) Of all the neural mecha- 
nisms which regulate the respiratory center, the voluntary mechanism is basically 
the most powerful Thus by breathmg as deeply and rapidly as possible ventila- 
tion may be mcreased to as much as 150 hters per mmute or more (136), a value 
m excess of that observed m severe muscular exercise to the pomt of exhaustion 
(137, 138) 

The thermal regulatory center in the hypothalamus exerts a powerful control 
over the respiratory center m lower animals Thus the polypnea of thermal pant- 
mg depends upon impulses which descend from the antenor hj^othalaimc areas 
to the pneumotaxic center, facihtatmg it and causmg it to become the dominant 
factor m determmmg the respiratory rhythm (32, 113, 114) Emotional hyper- 
ventilation m man, which may m part be hj^iothalamic m ongm and m part 
cortical, is often of an mtensity sufficient to mduce severe alkalosis and tetany 

Ultimately the activity of the respuRtoiy center is determmed by the sum of 
all the excitatory and mhibitory factors playmg upon it This is especially evi- 
dent m exercise m which ventilation may mcrease to as much as 120 hters per 
mmute Comroe (115) has pomted out that many types of stimuh must sum- 
mate at the respiratory center to mcrease ventilation to such an extent Al- 
though specific circumstances may be cited m which one or another factor plays 
a dominant lAle m regulatmg respiration, the rate, depth and rhythm of breath- 
mg are finally determmed by the summated contnbutions of alL 
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SUMMARY 

Hie neurons which constitute the respiratory center are diffusely distributed 
thrcfu^ the reticular formation of the caudal half of the bulb Those m the 
ventral reticular substance overlymg the inferior olivary nuclei are concerned 
with Inspiration Those in the dorsal reticular substance are concerned ^v^th 
expiration Excitatory connections between the constituent neurons ofa given 
center provide for co-ordination of contraction of widely distributed respiratory 
muscles Inhibitory connections betn oen the two centers provide for alternation 
of ccmtraction of inspiratory and expiratory muKjles 

The neurons of the respiratory center are sensitive to the chemical and physical 
constitution of their fluid environment They are excited by impulses unpmgmg 
upon them by way of coUaterala of the major sensory and motor tracta Under 
combined chemical and synaptic stimulation these neurons discharge impulses 
repetitively The more intense the chemical stimuli and the more numerous 
the synaptic stimuh, the greater is the frequency of discharge of impulses and the 
greater is the number of neurons active Since the inspiratory neurons have the 
lowest threshold, inspiration is thedominantphaseof respiration In the abeence 
of inhibitory influences which act upon the inspiratory center from ^Vlthout, its 
discharge is contmuous, and malntamed tonic inspiration or apneusis results 
The depth of the apneuaiB is a function of the sum of all the stimuli acting upon 
the neurons of the mspiratory center 

Two inhibitory mechanisms operate to interrupt rhythmically this repetitive 
activity of the inspiratory center, namely, the vagal inhibitory mechanism and the 
pneumotaxio mechanism As the lungs Inflate dunng inspiration, impulses which 
originate in pulmonary stretch receptors and which travel centrally over afferent 
fibers of the vagus nerves excite the expiratory center The inspiratory center is 
reoprocally inhibited and expiration results As the lungs deflate, the afferent 
inflow diminishes, the inspiratory center escapes and the cycle repeats The 
pneumotaxic mechanism plays an analogous although a subsidiary rAle under 
most circumstances Thus impulses onginating m the inspiratory centerare 
transmitted rostraHy to the pneumotaxio center and are then relayed caudally 
to the expiratory center Excitation of the expiratory center leads to recipro- 
cal inhibition of the inspiratory center, whereupon the circuit ceases to function 
and the cycle repeats. When the vagus nerves are cut the pneumotaxic center 
maintains the rhythm of breathing 

The rhythm of breatiung is impressed upon the respiratory center by 
inhibitory mechanisms operating from without, it is not an expression of prop- 
erties inherent in the neurons of the center The depth of breathing is dotcr 
mined by the sensitivity of these neurons to their cn\ ironmont and by the ox 
citatoiy influences exerted by tbo many affemnts ^\h^ch impinge upon thorn 
The rate of breathing is determined by the oxoitabilitN of the neurons of tho cen- 
ter and by the activity of tho inhibitory nioohnnisiiiswblfh rhy tlimically interrupt 
their repetitive discharge 
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